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• CCSI2 Mission: Accelerate CO2 Capture Research and Development

– Collaboration among national laboratories, academia, and industry
• Identify novel CCS technologies 

• Reduce scale-up risk through advanced modeling capabilities

– Development of CCS models, including solvents, sorbents, and membrane technologies

– Further development of CCSI Computational Toolset 

– FOQUS enables advanced modeling capabilities for process analysis

CCSI2 – Carbon Capture Simulation for Industry Impact
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https://github.com/CCSI-Toolset/

https://github.com/CCSI-Toolset/foqus

CESAR program funded by EU (2008-2011) tested two novel CCS solvents

• CESAR1: Aqueous blend of 2-amino-2-methyl-1-propanol (AMP) and 
piperazine (PZ):

– Blended system combines advantages of PZ (high reactivity) and AMP 
(low heat requirement for solvent regeneration)

– Promising alternative to aqueous MEA as baseline for CO2 capture 
applications

• CESAR2: aqueous ethylenediamine (EDA)

CESAR1 Solvent System
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27 wt% AMP 13 wt% PZ
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• Combined PZ-H2O-CO2 and AMP-H2O-CO2 thermodynamic models developed by Aspen 
Tech 

• Regressed parameters for PZ-AMP interaction to fit thermodynamic data for PZ-AMP-H2O-
CO2 system

• Adjusted activity-based kinetics expressions for consistency with thermodynamic model

• Correlations used to characterize packing (FLEXIPAC 2X)

– Mass Transfer and Interfacial Area (BRF-85)

– Liquid Holdup (BRF-92)

• Model validated with seven steady-state data cases from Technology Centre 
Mongstad for natural gas-based flue gas conditions:

– CO2 capture percentage predicted with average error of 2.4%

– Specific reboiler duty predicted with average error of 4.9%

Model Development Overview
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• CO2 Partial Pressure (AMP-PZ-H2O-CO2 System)

Thermodynamic Model
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Data Sources:

Hartono et al. (2021). New solubility and heat of absorption data for CO2 in blends of 2-amino-2-methyl-1-propanol (AMP) and piperazine 
(PZ) and a new eNRTL model representation, Fluid Phase Equilibria 550: 113235. https://doi.org/10.1016/j.fluid.2021.113235

Brúder et al. (2011). CO2 capture into aqueous solutions of piperazine activated 2-amino-2-methyl-1-propanol, Chem Eng Sci 66: 6193-6198. 
https://doi.org/10.1016/j.ces.2011.08.051

Parameters Regressed:

NRTL/1 (AMP/PZ) -24.383

NRTL/2 (AMP/PZ) 10000

𝐴௜௝ = 𝐴௝௜ and 𝐵௜௝ = 𝐵௝௜ assumed for AMP/PZ pair
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Reaction Kinetics and Equilibrium Chemistry
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No Description Formula

1 Water Dissociation 2 𝐻ଶ𝑂 ↔ 𝐻ଷ𝑂ା + 𝑂𝐻ି

2 Bicarbonate Formation 𝐶𝑂ଶ + 𝑂𝐻ି ↔ 𝐻𝐶𝑂ଷ
ି

3 Carbonate Formation 𝐻𝐶𝑂ଷ
ି + 𝐻ଶ𝑂 ↔ 𝐶𝑂ଷ

ଶି + 𝐻ଷ𝑂ା

4 AMP Protonation 𝐴𝑀𝑃 + 𝐻ଷ𝑂ା ↔ 𝐴𝑀𝑃𝐻ା + 𝐻ଶ𝑂

5 AMP Carbamate Formation 𝐴𝑀𝑃 + 𝐶𝑂ଶ + 𝐻ଶ𝑂 ↔ 𝐴𝑀𝑃𝐶𝑂𝑂ି + 𝐻ଷ𝑂ା

6 PZ Protonation 𝑃𝑍 + 𝐻ଷ𝑂ା ↔ 𝑃𝑍𝐻ା + 𝐻ଶ𝑂

7 PZ Carbamate Formation 𝑃𝑍 + 𝐶𝑂ଶ + 𝐻ଶ𝑂 ↔ 𝑃𝑍𝐶𝑂𝑂ି + 𝐻ଷ𝑂ା

8 PZ Carbamate Protonation 𝑃𝑍𝐶𝑂𝑂ି + 𝐻ଷ𝑂ା ↔ 𝑃𝑍𝐻ା𝐶𝑂𝑂ି + 𝐻ଶ𝑂

9 PZ Bi-Carbamate Formation 𝑃𝑍𝐶𝑂𝑂ି + 𝐶𝑂ଶ + 𝐻ଶ𝑂 ↔ 𝑃𝑍(𝐶𝑂𝑂ି)ଶ + 𝐻ଷ𝑂ା

Reaction Kinetics and Equilibrium Chemistry
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No Description Formula

1 Water Dissociation 2 𝐻ଶ𝑂 ↔ 𝐻ଷ𝑂ା + 𝑂𝐻ି

2 Bicarbonate Formation 𝑪𝑶𝟐 + 𝑶𝑯ି ↔ 𝑯𝑪𝑶𝟑
ି

3 Carbonate Formation 𝐻𝐶𝑂ଷ
ି + 𝐻ଶ𝑂 ↔ 𝐶𝑂ଷ

ଶି + 𝐻ଷ𝑂ା

4 AMP Protonation 𝐴𝑀𝑃 + 𝐻ଷ𝑂ା ↔ 𝐴𝑀𝑃𝐻ା + 𝐻ଶ𝑂

5 AMP Carbamate Formation 𝑨𝑴𝑷 + 𝑪𝑶𝟐 + 𝑯𝟐𝑶 ↔ 𝑨𝑴𝑷𝑪𝑶𝑶ି + 𝑯𝟑𝑶ା

6 PZ Protonation 𝑃𝑍 + 𝐻ଷ𝑂ା ↔ 𝑃𝑍𝐻ା + 𝐻ଶ𝑂

7 PZ Carbamate Formation 𝑷𝒁 + 𝑪𝑶𝟐 + 𝑯𝟐𝑶 ↔ 𝑷𝒁𝑪𝑶𝑶ି + 𝑯𝟑𝑶ା

8 PZ Carbamate Protonation 𝑃𝑍𝐶𝑂𝑂ି + 𝐻ଷ𝑂ା ↔ 𝑃𝑍𝐻ା𝐶𝑂𝑂ି + 𝐻ଶ𝑂

9 PZ Bi-Carbamate Formation 𝑷𝒁𝑪𝑶𝑶ି + 𝑪𝑶𝟐 + 𝑯𝟐𝑶 ↔ 𝑷𝒁(𝑪𝑶𝑶ି)𝟐 + 𝑯𝟑𝑶ା

Denotes kinetic reaction
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Kinetic Model Refinement
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𝑘଴௙,௝ / 𝑘଴௥,௝

(kmol/s/m3)
𝐸௙,௝ / 𝐸௥,௝

(cal/mol)

Source

Bicarbonate Formation 
Forward 1.33e17 13249 [1]
Reverse 6.63e16 25656 [1]

AMP Carbamate Formation 
Forward 1e9 8202 [2]
Reverse 1.52e20 12693 [2]

PZ Carbamate Formation 
Forward 1.7e10 319 [1]
Reverse 2.08e22 10610 This work

PZ Bi-Carbamate Formation 
Forward 1.04e14 8038 [1]
Reverse 1.73e24 14092 This work

𝐾௝ =
𝑘௙,௝

𝑘௥,௝

𝐾௝ = exp
−∆𝐺௥௫௡,௝

𝑅𝑇
= ෑ 𝑎௜

ఔ೔ೕ

𝑘௙,௝ = 𝑘଴௙,௝ exp
−𝐸௙,௝

𝑅𝑇

𝑘୰,௝ = 𝑘଴୰,௝ exp
−𝐸୰,௝

𝑅𝑇

Parameters calibrated to ensure:

CESAR1 System Data Collected at TCM
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Photograph from www.tcmda.com

• Seven data sets collected in 2019 during the ALIGN-
CCUS campaign at Technology Centre Mongstad, 
the world’s largest facility for testing CCS systems

• Flue gas composition: ~3.5 % CO2 by volume 
(natural gas combined cycle turbine flue gas)

• Includes variation in:

– Absorber packing height: 12/18/24 meter 

– CO2 capture percentage: 90-98.5%

– L:G ratio (mass): 0.57 – 1.09
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Schematic of TCM Pilot Plant
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• Multiple solvent inlets for 
absorber column enable 
testing with variable packing 
height (12, 18, or 24 meter)

• Portion of rich solvent (~20%) 
bypassed from lean/rich heat 
exchanger and heated in 
stripper water wash column

Process Data
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Data set includes:
• Variation in absorber height

• 3 Beds (24 m): AA2,BB3, A5
• 2 Beds (18 m): C5, D5, F4
• 1 Bed (12 m): E1

• Testing with lower flue gas temperature: A5 
• Testing with higher stripping pressure: F4
• CO2 capture levels above 95%: D5, BB3
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Model Validation - Absorber

13

Rich Solvent CO2 Loading

Dashed lines represent ±5% error 
Suspected data uncertainty with Case A5 due to good 
fit for rich loading vs. relatively poor fit for CO2 capture

CO2 Capture Percentage

• CO2 capture percentage predicted with average error of 2.4% (maximum of 7.7% for Case A5)
• Average error is 1.5% if Case A5 is omitted

• Rich solvent CO2 loading predicted with average error of 2.0% (maximum of 3.8% for Case F4)

R2 = 0.88 (without A5)

R2 = 0.99

Model Validation - Stripper

14

Lean Solvent Temperature (°C)Specific Reboiler Duty (MJ/kg CO2)

Dashed lines represent ±5% error Dashed lines represent ±1% error 

• Specific reboiler duty predicted with average error of 4.9% (maximum of 7.2% for Case F4)
• Lean solvent temperature predicted with average error of 0.3% (maximum of 0.9% for Case BB3)

R2 = 0.97R2 = 0.92
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Summary and Conclusions
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• Model of CESAR1 system developed and validated TCM process data

– Absorber: CO2 capture predicted with average percent error of 2.4% and rich loading with 
average error of 2.0% 

– Stripper: SRD predicted with average percent error of 4.9% and lean solvent outlet 
temperature predicted with <1% error for all cases

• Future Work

– Public, open-source release steady-state model to CCSI Toolset

– Parametric uncertainty quantification in property and process sub-models

– Application in Sustainable OPEration of post-combustion Capture plants (SCOPE) 
program: Modeling of water wash section for quantifying solvent emissions

This project was funded by the United States Department of Energy, National Energy Technology 
Laboratory, in part, through a site support contract. Neither the United States Government nor any agency 
thereof, nor any of their employees, nor the support contractor, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect 
those of the United States Government or any agency thereof.

Disclaimer

Acknowledgements
The authors graciously acknowledge funding from the U.S. Department of Energy, Office of Fossil Energy 
and Carbon Management, through the Carbon Capture Program.

The authors gratefully acknowledge the staff of TCM DA, Gassnova, Equinor, Shell, and TotalEnergies for 
their contribution and work at the TCM DA facility. The authors also gratefully acknowledge Gassnova, 
Equinor, Shell, and TotalEnergies as the owners of TCM DA for their financial support and contributions.

Electronic copy available at: https://ssrn.com/abstract=4276820



11/14/2022

9

17

For more information
https://www.acceleratecarboncapture.org/

joshua.morgan@netl.doe.gov
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• Heat of Absorption(AMP-PZ-H2O-CO2 System)

Thermodynamic Model
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Data Sources:

Hartono et al. (2021). New solubility and heat of absorption data for CO2 in blends of 2-amino-2-methyl-1-propanol (AMP) and piperazine 
(PZ) and a new eNRTL model representation, Fluid Phase Equilibria 550: 113235. https://doi.org/10.1016/j.fluid.2021.113235

Xie et al. (2013). Measurement of heat of CO2 absorption into 2-amino-2-methyl-1-propanol (AMP)/piperazine (PZ) blends using differential 
reaction calorimeter, Energy Procedia 37: 826-833. https://doi.org/10.1016/j.egypro.2013.05.175

Heat of absorption calculated from energy balance 
on mixing a differential amount of CO2 with loaded 
solvent
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