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Abstract:

This thesis presents a comparative study of three ma-
ture chemisorption-based Carbon Capture (CC) tech-
nologies: Monoethanolamine (MEA), Potassium Carbonate
with Carbonic Anhydrase (PCCA), and Chilled Ammonia
Process (CAP), for post-combustion point sources. A
selection matrix tool was developed to evaluate these
technologies across standardized flue gas composi-
tions from waste incineration, biomass, and natural gas
combustion. Equilibrium-based process models were
created in Aspen Plus, and a parametric study identi-
fied optimal operating conditions. Key Performance In-
dicators (KPI)s such as CO2 recovery, energy consump-
tion, and solvent and water make-up were used to as-
sess performance. The CAP demonstrated the lowest
energy and water demands, while PCCA offered high
adaptability through low-temperature regeneration.
Heat integration analyses further extended the com-
parative overview of the CC technologies. A real-world
case study on a waste-to-energy plant investigated the
tools applicability to constraints. The updated net elec-
tricity output was determined to be -0.2, 5.0, 4.8, and
2.2 MW for MEA, PCCA, CAP, and PCCA with inte-
grated high-temperature heat pump, respectively. The
optimal CC technology was PCCA due to the lower
penalty on electricity generation while upholding a
district heating constraint. The study concludes that
the selection matrix provides a robust screening frame-
work for identifying the most suitable CC technology
based on technical performance and integration poten-
tial, while including specific case constraints.
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Summary
This thesis investigates the performance of three mature chemisorption-based Carbon Cap-
ture (CC) technologies. The three CC technologies are Monoethanolamine (MEA), Potassium
Carbonate with Carbonic Anhydrase (PCCA), and Chilled Ammonia Process (CAP). This thesis
revolves around post-combustion point sources. The study aims to develop a selection
matrix for systematically comparing CC technologies across standardized point sources,
reflecting industrial processes and heat and power production plants. The selection matrix
is based on the technical performance of the CC technologies.

The motivation arises from the fast need to reduce CO2 emissions from hard-to-abate sec-
tors such as power generation and industrial processes. Post-combustion CC is particularly
relevant due to the retrofitting potential for existing plants, avoiding the need to redesign
or construct new plants. The study focuses on three representative flue gas sources: waste
incineration, biomass combustion, and natural gas combustion. These sources were cho-
sen to reflect a range of CO2 concentrations and compositions, and to align with future
decarbonization goals.

Each CC technology was modeled using Aspen Plus to obtain three adaptable process
flowsheet models. These equilibrium-based models evaluate the thermodynamic and
chemical performance of the CC technologies. The CC process models incorporate detailed
process configurations from the flue gas inlet until the compressed CO2 product. These
configurations include an absorber, desorber, heat exchanger, and multi-stage compressor.
The developed process models were investigated in a parametric study to determine the
optimal operating conditions. The variables in focus were Liquid-to-Gas ratio (L/G), lean
solvent temperature, flue gas temperature, and reboiler duty. The results showed that re-
boiler duty and L/G had the most significant impact on performance, while temperature
variations had a lesser effect. The key takeaway from the parametric studies is the optimal
L/G values of 3.3, 3.9, and 1.7 kg/kg for MEA, PCCA, and CAP, respectively, reflecting
the difference in CO2 absorption capacity between the solvents.

Key Performance Indicators (KPI)s were defined to systematically compare the technologies
in the selection matrix. These included CO2 recovery, Specific Primary Energy Consumption
per CO2 Avoided (SPECCA), Electrical Work per Avoided CO2 (EWA), water and solvent make-
up, and the purity of the recovered CO2. The CAP demonstrated the lowest SPECCA of 2.5
to 2.8 MJ/kgCO2 and water make-up of 0.2 kg/kgCO2 across the three standardized point
sources, making it the optimal CC technology across the three technologies. MEA showed
robust performance across all scenarios but required higher energy and water make-up.
PCCA, while offering low regeneration temperatures and the potential for full electrifica-
tion, was limited in CO2 recovery and resulted in higher compression energy due to its
low-pressure desorption, reflecting the EWA scores of 0.3, 0.4, and 0.2 to 0.3 for MEA,
PCCA, and CAP, respectively. The variations for the CAP rose due to the chiller’s work to
maintain low operation temperatures.

ii



Pinch analyses were performed to include the heat integration potentials, extending the se-
lection matrix comparison of the CC technologies. These analyses demonstrated that MEA
and CAP show unfavorable characteristics due to the need for steam at 130 and 150 °C,
respectively, limiting the integration flexibility. In contrast, PCCA can operate with low-
grade heat, making it more adaptable, especially when integrated with a high-temperature
Heat Pump (HP). The PCCA-HP configuration eliminated the hot utility requirements, with
the penalty being a 160 % increase in electricity demand. The utility requirements were
normalized against avoided CO2, where the hot utility requirement showed results of 3.6,
2.8, 2.5, and 0.0 MJ/kgCO2 for MEA, PCCA, CAP, and PCCA-HP, respectively. The cold
utility requirements were 5.0, 4.1, 4.8, and 2.1 MJ/kgCO2, respectively. The extension of
the selection matrix by the heat integration analyses provided a broader comparison.

A real-world case study involving a Waste-to-Energy (WtE) plant was used to validate the
selection matrix. The study evaluated each CC technology’s integration into the WtE plant.
Steam was extracted to sustain the CC technologies, imposing penalties on the electricity
and district heating production from the WtE plant. The district heating production was
constrained to the original production. CAP emerged as the most favorable heat inte-
gration option due to its low process heat penalty and low hot utility requirement after
integration. PCCA imposed no penalty on electricity generation but had the highest pro-
cess heat penalty. Yet, PCCA showed the greatest net electrical output while meeting the
district heating constraint. The PCCA-HP was unfavored over PCCA and CAP even with-
out extracting steam, showing that heat integration benefits the CC implementation. The
updated net electricity outputs were determined to be -0.2, 5.0, 4.8, and 2.2 MW for MEA,
PCCA, CAP, and PCCA-HP, respectively, reflecting PCCA as the optimal CC technology
in this conducted case study.

In conclusion, the selection matrix developed in this thesis provides a practical and adapt-
able tool for evaluating CC technologies based on technical and integration constraints.
It enables process designers to make informed decisions tailored to specific plant con-
ditions. While CAP generally performed best across the defined KPIs and showed the
optimal heat integration possibility, the optimal choice remains case-dependent. Yet, the
selection matrix tool developed provides a sharp analytical ability for comparing mature
chemisorption CC technologies regarding thermodynamics and chemistry, and heat inte-
gration possibilities to determine an optimal one based on specific case constraints.



Preface
This master project is completed by Jeppe Winther Møller, the only student in the 4th

semester M.Sc. group TEPE4-1008 from AAU Energy at Aalborg University. I want to ac-
knowledge the supervisor of this project, Thomas Helmer Pedersen. Additionally, the help
and guidance from Sebastian Bruhn Petersen from Aalborg University. A huge gratitude
to Hazel Reardon and Jeppe Grue from Niras for supporting the project proposal for this
thesis and guidance regarding the topic and decisions.

Expectations for the Reader

It is expected from the reader to have a general knowledge of thermodynamic and chemical
principles to understand the perspectives from this thesis.

Reading Guide for the Project

The report is structured in chapters, sections, and subsections. Throughout the project
report, figures, tables, equations, and reactions are used, which are numbered individu-
ally. The references implemented throughout the report are presented with the Harvard
referencing method. An Appendix is attached after the bibliography, where figures, esti-
mations, and additional contents of the report are included. The Appendix is an attached
part of the project, and a printout is recommended.

The following software is used in the project:

• AspenTech - Aspen Plus V12.1

• F-Chart Software - Engineering Equa-
tion Solver (EES)

• Mathworks - MATLAB

• Microsoft - Office365

• Overleaf - LaTeX

• Draw.io AG & JGraph Ltd - Draw.io

Jeppe Winther Møller Signature:

iv



Nomenclature

SI-Units will be used

Abbriviation Explanation

CA Carbonic Anhydrase
CAP Chilled Ammonia Process
CC Carbon Capture
CCGT Combined Cycle Gas Turbine
CCS Carbon Capture and Storage
CCUS Carbon Capture Utilization and Storage
CCC Cold Composite Curve
CHP Combined Heat and Power
CW Cooling Water
DAC Direct Air Capture
DEA Danish Energy Agency
DH District Heating
ELECNRTL Electrolyte Non-Random Two-Liquid
GCC Grand Composite Curve
GHG Greenhouse Gas
HCC Hot Composite Curve
HP Heat Pump
HPW Heat Pump Water
IEA International Energy Agency
IPCC Intergovernmental Panel on Climate Change
KPI Key Performance Indicator
LMTD Log-Mean Temperature Difference
LPS Low-Pressure Steam
MEA Monoethanolamine
MPS Medium-Pressure Steam
MVR Mechanical Vapor Recompression
PCCA Potassium Carbonate with Carbonic Anhydrase
PCCA-HP PCCA with integrated high-temperature Heat Pump
PSCC Point Source Carbon Capture
TRL Technological Readiness Level
WtE Waste-to-Energy
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Symbol Explanation Unit

COP Coefficient of Performance [-]
EWA Electrical Work per Avoided CO2 [MJ/kgCO2]
H Henry’s constant [Pa]
L/G Liquid-to-Gas ratio [kg/kg]
ṁ Mass flow rate [tonne/h]
ṅ Molar flow rate [kmol/h]
P Pressure [bar]
p Partial pressure [Pa]
Q̇ Power [W]
RCO2 CO2 recovery [%]

SPECCA
Specific Primary Energy Consumption per
CO2 Avoided

[MJ/kgCO2]

T Temperature [°C]
U Overall heat transfer coefficient kW/m2·K
Ẇ Work [MW]
y Molar fraction [-]
γ Solvent loading [kmol/kmol]



Chemical Name Molar weight [g/mol]

CO2 Carbon dioxide 44.01
CO3

2− Carbonate ion 60.01
H+ Proton 1.01
H2O Water 18.02
HCO3

− Bicarbonate 61.02
K+ Potassium ion 39.10
K2CO3 Potassium carbonate 138.21
MEA Monoethanolamine 61.08
MEA+ Protonated Monoethanolamine 62.09
MEACOO− Carbamate of Monoethanolamine 104.10
MEACOOH Carbamate of Monoethanolamine 105.11
N2 Nitrogen 28.01
NH2COO− Carbamate 60.03
NH2COONH4 Ammonium carbamate 78.06
NH3 Ammonia 17.03
NH4

+ Ammonium 18.04
NH4HCO3 Ammonium bicarbonate 96.09
NO2 Nitrogen dioxide 46.01
O2 Oxygen 32.00
OH− Hydroxide 17.01
SO2 Sulfur dioxide 64.07



Contents
1 Introduction 1

1.1 Carbon Capture Utilization and Storage . . . . . . . . . . . . . . . . . . . . . . 2

2 State of the Art 3
2.1 Point Source Carbon Capture . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Carbon Capture Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Chemisorption Carbon Capture Technologies . . . . . . . . . . . . . . . . . . . 8

2.3.1 Monoethanolamine - Carbon Capture . . . . . . . . . . . . . . . . . . . 10
2.3.2 Potassium Carbonate with Carbon Anhydrase - Carbon Capture . . . 11
2.3.3 Chilled Ammonia Process - Carbon Capture . . . . . . . . . . . . . . . 12
2.3.4 Summary of Carbon Capture Technologies . . . . . . . . . . . . . . . . 14

2.4 Sizing the Chemisorption Carbon Capture System . . . . . . . . . . . . . . . . 15
2.5 Key Performance Indicators for Selection Matrix . . . . . . . . . . . . . . . . . 16

3 Objective 19

4 Modeling Approach 20
4.1 Equilibrium Process Models Description . . . . . . . . . . . . . . . . . . . . . 20

4.1.1 Absorber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1.2 Desorber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.1.3 Heat Exchanger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.1.4 Multi-Stage Compression . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.1.5 Auxiliary Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.1.6 Nesting Order and Design Specifications . . . . . . . . . . . . . . . . . 24

4.2 Monoethanolamine - Equilibrium Model . . . . . . . . . . . . . . . . . . . . . 25
4.3 Potassium Carbonate with Carbonic Anhydrase - Equilibrium Model . . . . 26
4.4 Chilled Ammonia Process - Equilibrium Model . . . . . . . . . . . . . . . . . 28
4.5 Heat Integration Analysis Approach . . . . . . . . . . . . . . . . . . . . . . . . 30

5 Parametric Study - Process Models 31
5.1 Monoethanolamine Parametric Study . . . . . . . . . . . . . . . . . . . . . . . 31
5.2 Potassium Carbonate with Carbonic Anhydrase Parametric Study . . . . . . 33
5.3 Chilled Ammonia Process Parametric Study . . . . . . . . . . . . . . . . . . . 35

6 Selection Matrix and Heat Integration Analysis 39
6.1 Selection Matrix Analysis with Fixed CO2 Recovery . . . . . . . . . . . . . . . 39

6.1.1 Results of Fixed CO2 Recovery Cases . . . . . . . . . . . . . . . . . . . 39
6.2 Heat Integration Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6.2.1 Utility Supply Options . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6.3 Results of Case Studies and Heat Integration Analysis . . . . . . . . . . . . . 54

7 Case Study on Waste-to-Energy Plant 56

viii



Contents

8 Conclusion 65

9 Future Work 68
9.1 Increasing the Selection Matrix Tool Range . . . . . . . . . . . . . . . . . . . . 68
9.2 Impact of Kinetics on Technology Ranking . . . . . . . . . . . . . . . . . . . . 68
9.3 Impurities Impact on Technology Ranking . . . . . . . . . . . . . . . . . . . . 69
9.4 Techno-Economic Analysis Impact on Technology Ranking . . . . . . . . . . . 69

Bibliography 70

A Biomass Flue Gas Composition 76

B Cooling Water Temperature Calculations 77

C Process Model Flowsheets and Iteration Orders 78
C.1 Monoethanolamine Model Flowsheet and Iteration Order . . . . . . . . . . . 78
C.2 Potassium Carbonate with Carbonic Anhydrase Model Flowsheet and Iter-

ation Order . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
C.3 Chilled Ammonia Process Model Flowsheet and Iteration Order . . . . . . . 80

D Stream Results for 90 % Recovery Case on Waste Incineration Point Source 82

E Selection Matrix Scores for Remaning Fixed CO2 Recovery Cases 84

F High-Temperature Heat Pump 86

G Heat Integration Illustrations for Waste-to-Energy Case 87

ix



List of Figures
1.1 Development of CO2 concentration in the atmosphere from 1958-2025 [NOAA, 2025]. 1

2.1 Flow diagrams of point source possibilities: (a): pre-combustion, (b): post-
combustion, and (c): oxy-fuel combustion . . . . . . . . . . . . . . . . . . . . . 3

2.2 Absorption capacity concerning CO2 concentration. (Inspired by [Cormos, 2017]) 7
2.3 Illustration of typical chemisorption CC process . . . . . . . . . . . . . . . . . 9
2.4 Illustration of the CAP system process including water wash. . . . . . . . . . 14

4.1 Dissolved inorganic carbon equilibrium [Pankow, 2020] . . . . . . . . . . . . . 27

5.1 Parametric study of MEA model - lean stream massflow rate L/G . . . . . . 32
5.2 Parametric study of MEA model - lean stream temperature . . . . . . . . . . 32
5.3 Parametric study of MEA model - flue gas temperature . . . . . . . . . . . . . 33
5.4 Parametric study of PCCA model - lean stream massflow rate L/G . . . . . . 34
5.5 Parametric study of PCCA model - lean stream temperature . . . . . . . . . . 34
5.6 Parametric study of PCCA model - flue gas temperature . . . . . . . . . . . . 35
5.7 Parametric study of CAP model - lean stream massflow rate L/G . . . . . . . 36
5.8 Parametric study of CAP model - lean stream temperature . . . . . . . . . . . 37
5.9 Parametric study of CAP model - flue gas temperature . . . . . . . . . . . . . 37

6.1 SPECCA KPI scores for conducted fixed CO2 recovery cases . . . . . . . . . . 40
6.2 Water make-up KPI scores for conducted fixed CO2 recovery cases . . . . . . 40
6.3 Solvent make-up KPI scores for conducted fixed CO2 recovery cases . . . . . 41
6.4 EWA KPI scores for conducted fixed CO2 recovery cases . . . . . . . . . . . . 42
6.5 O2 KPI scores for conducted fixed CO2 recovery cases . . . . . . . . . . . . . 43
6.6 N2 KPI scores for conducted fixed CO2 recovery cases . . . . . . . . . . . . . 43
6.7 Solvent content KPI scores for conducted fixed CO2 recovery cases . . . . . . 44
6.8 Grand composite curves for 10 °C global minimum temperature . . . . . . . 47
6.9 Hot and cold composite curves 10 °C global minimum temperature . . . . . 48
6.10 Grand composite curves for 2 °C global temperature . . . . . . . . . . . . . . 49
6.11 Process flow diagram of PCCA process with heat integrated heat pump . . . 50
6.12 Hot and cold composite curves for 2 °C global minimum temperature . . . . 50
6.13 Illustration of mechanical vapor recompression in a CC process . . . . . . . . 53
6.14 Heat map results based on heat integration analyses . . . . . . . . . . . . . . 54

7.1 Heat map KPI scores from WtE flue gas data . . . . . . . . . . . . . . . . . . . 56
7.2 WtE simplified process flow diagram . . . . . . . . . . . . . . . . . . . . . . . 57
7.3 WtE attached to MEA and CAP technologies process flow diagram . . . . . . 58
7.4 WtE attached to PCCA technology process flow diagram . . . . . . . . . . . . 59
7.5 GCC from each CC technology integrated with WtE plant . . . . . . . . . . . 60
7.6 HCC and CCC for each CC technology integrated with WtE plant . . . . . . 61

x



List of Figures

7.7 Illustration of HP with water cycle integration to cover updated hot utility
demand for PCCA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

B.1 Psychrometric chart for air at atmospheric pressure . . . . . . . . . . . . . . . 77

C.1 Process flow diagram of MEA Aspen Plus process model . . . . . . . . . . . . 78
C.2 Iteration order MEA equilibrium model . . . . . . . . . . . . . . . . . . . . . . 78
C.3 Process flow diagram of PCCA Aspen Plus process model . . . . . . . . . . . 79
C.4 Iteration order PCCA equilibrium model . . . . . . . . . . . . . . . . . . . . . 79
C.5 Process flow diagram of CAP Aspen Plus process model . . . . . . . . . . . . 80
C.6 Iteration order CAP equilibrium model . . . . . . . . . . . . . . . . . . . . . . 80

E.1 Heat map of KPI scores across all conducted cases . . . . . . . . . . . . . . . . 84

F.1 Diagrams for ammonia heat pump . . . . . . . . . . . . . . . . . . . . . . . . . 86

G.1 Illustration of HP with water cycle integration to cover updated hot utility
demand for MEA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

G.2 Illustration of HP with water cycle integration to cover updated hot utility
demand for CAP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

xi



List of Tables
2.1 Typical point source CO2 concentrations [Hekmatmehr et al., 2024, Suleman et al., 2022,

DEA, 2024]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Flue gas compositions defined as standards in this study. a: no limit from

EU [EU, 2021] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Overview of the chosen chemisorption CC technologies. . . . . . . . . . . . . 10
2.4 Determined operating conditions for each chemisorption CC technology . . 15
2.5 Standardized flue gas flow rates for the chosen point sources . . . . . . . . . 15
2.6 DYNAMIS recommendation for CO2 quality with regards to CCUS [SINTEF, 2009].

a: limitations for storage [ABS, 2025] . . . . . . . . . . . . . . . . . . . . . . . . 17
2.7 Overview of defined KPIs utilized in the selection matrix . . . . . . . . . . . . 18

4.1 Compounds present in each Aspen Plus process model. α: specified Henry
component . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2 Absorber operating conditions: a not a feed stream to the absorber. . . . . . . 21
4.3 Desorber operating conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.4 Loops and tolerances specified in process simulations . . . . . . . . . . . . . . 24
4.5 Key input specification for the MEA process model . . . . . . . . . . . . . . . 25
4.6 Key input specification for the PCCA process model . . . . . . . . . . . . . . 28
4.7 Key input specification for the CAP process model . . . . . . . . . . . . . . . 29

5.1 Parametric study baseline for process models . . . . . . . . . . . . . . . . . . 31
5.2 Optimal operating conditions retrieved from parametric studies . . . . . . . . 38

6.1 Pinch analysis data from CC process model . . . . . . . . . . . . . . . . . . . . 45
6.2 Arbitrary hot and cold utility sources chosen for pinch analysis. . . . . . . . 46
6.3 Utility requirements for each CC technology from pinch analyses. a: updated

from HP coverage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6.4 Hierarchy of process heating sources . . . . . . . . . . . . . . . . . . . . . . . . 52

7.1 WtE plant case data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.2 Water stream data from WtE plant . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.3 Pinch analysis data WtE real case . . . . . . . . . . . . . . . . . . . . . . . . . . 60
7.4 Process heat and electricity penalties from the WtE cases . . . . . . . . . . . . 63

A.1 Fir wood properties based on Phyllis database (wood, fir (#239)). [TNO, 2025] 76
A.2 Stoichiometric coefficients for biomass combustion . . . . . . . . . . . . . . . 76

D.1 Key stream data from the MEA process model of 90 % fixed CO2 recovery
on waste incineration point source . . . . . . . . . . . . . . . . . . . . . . . . . 82

D.2 Key stream data from the PCCA process model of 90 % fixed CO2 recovery
on waste incineration point source . . . . . . . . . . . . . . . . . . . . . . . . . 82

xii



List of Tables

D.3 Key stream data from the CAP process model of 90 % fixed CO2 recovery
on waste incineration point source . . . . . . . . . . . . . . . . . . . . . . . . . 83

F.1 Ammonia heat pump model inputs and results . . . . . . . . . . . . . . . . . 86

xiii



Chapter 1

Introduction
Climate change results from human activity, more precisely deforestation and consump-
tion of fossil fuels, causing the global temperature to increase [Friedlingstein et al., 2022].
Figure 1.1 displays the development of CO2 concentration due to human activity from
1958 to the present.
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Figure 1.1: Development of CO2 concentration in the atmosphere from 1958-2025 [NOAA, 2025].

The CO2 concentration has drastically increased and is indicated to keep increasing un-
less action is taken. As a result, the Paris Agreement was signed by 196 countries in
2015 to ensure the global temperature increase is kept below 1.5 °C pre-industrial levels
[UNFCCC, 2022]. This constitutes decreasing Greenhouse Gas (GHG) emissions and reach-
ing the goal of net-zero CO2 emissions by 2050.

The major CO2-emitting sectors today are the production of electricity and heat and cool-
ing for buildings, etc. (43.8 %), transportation (23.3 %), and industry (18.4 %) [IEA, 2025].
Out-phasing fossil fuels with renewable solutions to decarbonize the CO2-emitting sec-
tors has been a hot topic for decades. Yet, decarbonizing important industrial processes
is difficult due to limited alternative options. This involves industries as cement, paper,
metal/steel, and chemicals, which produce materials where CO2 is a consequence. Addi-
tionally, electricity and heat production by coal and natural gas operating on a large scale
is difficult to replace with renewable sources due to unstable production. The Intergovern-
mental Panel on Climate Change (IPCC) hereby states that to reach the international goals of
net-zero CO2 emissions, Carbon Capture and Storage (CCS) is necessary to compensate for
these CO2-emissions and reach the goals in time [Masson-Delmotte et al., 2018].
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Chapter 1. Introduction

1.1 Carbon Capture Utilization and Storage

Carbon Capture Utilization and Storage (CCUS) involves capturing CO2 and either utiliz-
ing it in producing fuels, chemicals, etc., or storing it underground away from the at-
mosphere. Utilization involves capturing CO2 to utilize it for a product, replacing fossil
fuels, thereby entering it into a carbon-neutral loop. Conversely, storage or sequestration
enables the carbon-negative possibility necessary to remove the already lingering CO2

emitted due to human activities since industrialization began. CCS concerns capturing
CO2 emission from a carbon source, compression and transportation of CO2, and stor-
ing CO2 underground, as in boreholes previously used to extract oil. Storing biogenic
CO2 in underground reservoirs is recognized as a carbon-negative option by the par-
ties involved in the Paris Agreement. Storing non-biogenic CO2 is only carbon-neutral.
[Haszeldine et al., 2018]

CC can occur as Point Source Carbon Capture (PSCC) or Direct Air Capture (DAC). The easiest
and quickest way to decrease CO2 emission is by PSCC due to the CO2 concentration at the
point source being higher than in the atmosphere [Hekmatmehr et al., 2024, DEA, 2024].

Incorporating a CC system on a point source (flue gas) requires assessing the system in
detail to understand which CC technology is best-suited for the process. Integrating CCUS
demands planning, and each technology is difficult to compare due to differences in sys-
tem, economy, and scalability. Furthermore, purification, compression, and transportation
are other aspects that need attention. [Baker et al., 2022]

In literature, CC technologies with implementation on different point sources are widely
researched, however, a decision-making tool to compare and rank technologies across
point sources is lacking for determining which technology integrates best with the carbon-
emitting process. [Baker et al., 2022, DEA, 2024, Hekmatmehr et al., 2024]

Utilization and sequestration have their demands in the purity of CO2 depending on the
specific process. Incentives from the IPCC and EU are made to reduce CO2-emissions
to reach the common goals of the Paris Agreement. Regardless of utilization or storage,
the CO2 purification, compression, and transportation are similar. The crucial aspect in
determining the best CC technology requires evaluating the integration with the carbon-
emitting source. As a result, this study aims to compare CC technologies across point
sources to indicate which key parameters will determine the best-suited technology.
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State of the Art
2.1 Point Source Carbon Capture

PSCC concerns stripping CO2 from flue gas. The flue gas can emerge from different kinds
of processes such as pre-combustion, post-combustion, and oxy-fuel combustion, where
the latter is fairly new and demands pure oxygen. The key difference is dependent on
where the CO2 is emitted in the process. Figure 2.1 illustrates the differences between
these point sources.
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Figure 2.1: Flow diagrams of point source possibilities: (a): pre-combustion, (b): post-combustion, and (c):
oxy-fuel combustion

Pre-combustion CC concerns the separation of CO2 before an energy conversion. An ex-
ample is natural gas sweetening, where natural gas is stripped of CO2 before producing
electricity, heat, or hydrogen. [Hekmatmehr et al., 2024].

Oxy-fuel combustion involves the combustion of hydrocarbon fuel with pure oxygen as
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the oxidizer, in contrast to the typical air used in combustion, which contains nitrogen.
Oxygen is typically obtained through cryogenic separation of air. The pure oxygen com-
bustion results in a higher CO2 concentration in the flue gas containing mostly water and
CO2, favoring the CC.

As embedded in the word, post-combustion CC concerns CO2 removal from a flue gas
after combustion or energy conversion. This includes not only power generation but also
industrial processes, where combustion is used for purposes other than electricity and heat
production. Post-combustion CC is a most needed process since re-designing processes
to pre- or oxy-fuel combustion would require a large reconstruction of already existing
industrial and energy-converting plants [Baker et al., 2022, Hekmatmehr et al., 2024]. The
unfavored aspect of post-combustion flue gas is the lower CO2 concentration than the
other point sources. Table 2.1 presents the CO2 concentration in flue gas for different point
sources.

Table 2.1: Typical point source CO2 concentrations [Hekmatmehr et al., 2024, Suleman et al., 2022,
DEA, 2024].

Point source CO2 concentration [vol%]
Pre-combustion Up to 60 %
Oxy-fuel combus-
tion

Up to 98 %

Post-combustion Coal-fired power plant = 7-14 %
Waste-fired power plant = 9-14 %
Biomass-fired power plant = 10-17 %
Gas turbine = 2-4 %
Cement plant = 20-30 %

While pre-combustion sources flue gas contains higher CO2 concentrations, it requires ex-
pensive modifications of existing infrastructure, involving complex and expensive capital
cost processes such as gasification or reforming. Oxy-fuel combustion, burning fuel on
pure oxygen to produce a CO2-rich flue gas, also demands capital-intensive equipment
and technical challenges due to the energy-demanding oxygen production and new de-
signs for combustion systems. [Bukar and Asif, 2024]

In contrast, post-combustion point sources indicate better possibilities for retrofitting ex-
isting plants and industrial processes for CC. These also account for the highest amount
of global CO2 emissions among the three combustion point sources. Therefore, post-
combustion CC is seen as a critical component for decreasing CO2 emission and allegedly
the most market-realistic possibility, why post-combustion CC is considered in this study.
[Hekmatmehr et al., 2024]

Three post-combustion point sources are chosen as standardized point sources to attain a
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broad scope of possible point sources for CC implementation. The post-combustion point
sources chosen in this study reflect Combined Heat and Power (CHP) plants or industrial
process plants. These are a natural gas Combined Cycle Gas Turbine (CCGT) plant, biomass
combustion plant, and Waste-to-Energy (WtE) plant. Coal CHP plants are the largest CO2-
emitters today, however, these are omitted in this study due to the ambition of 0 % elec-
tricity production by coal in 2040 by the EU, resulting in a non-beneficial lifetime of a
CC plant before coal CHP plants shut down [IEA, 2021]. Biogenic CO2 from biomass or
biogas plants gives a realistic perspective regarding the future with a market for biogenic
CO2. Upgraded biogas has similarities to natural gas in combustion, containing primarily
methane, and flue gas composition. The selected point sources reflect CO2 emissions from
existing plants necessary for decarbonization to reach net-zero CO2 emissions.

Table 2.2 presents the flue gas compositions utilized in this study. The SOx and NOx

concentrations are assumed to be the emission limits stated by EU law [EU, 2021]. This
reflects the upper limits, hence the worst conditions for CC technologies. NO2 and SO2

are assumed to represent NOx and SOx, respectively [Gijlswijk et al., 2006].

Table 2.2: Flue gas compositions defined as standards in this study. a: no limit from EU [EU, 2021]

Compounds Units
Waste incineration
[AffaldPlus, 2023]

Biomass plant
(wood chips)
(Appendix A)

Natural gas CHP
[Gijlswijk et al., 2006]

CO2 [vol%] 12.2 11.1 4.0
O2 [vol%] 7.7 5.8 12.4
H2O [vol%] 17.4 17.4 8.4
N2 [vol%] 62.7 65.7 75.2
NO2 limit [mg/Nm3] 225 165 55
SO2 limit [mg/Nm3] 100 85 NaNa

Temperature [°C] 60 60 60
Pressure [bara] 1.01 1.01 1.01

The biomass flue gas composition is determined in Appendix A, where the flue gas compo-
sition is based on the combustion of fir wood chips from the Phyllis database [TNO, 2025]
with an assumed moisture content of 42.3 % [DEA, 2018]. The water content is equal for
waste incineration and biomass combustion since the flue gas is saturated at 60 °C, but not
for natural gas combustion. These flue gas compositions are determined with the Peng-
Robinson equation of state by phase equilibrium at 60 °C.

The flue gas temperatures are assumed to be 60 °C from each point source [Carlsson, 2008],
reflecting the cooled flue gas temperature post flue gas cleaning. In combustion plants to-
day, flue gas cleaning is necessary to uphold the emission limits from the EU. Additionally,
the pressure of the flue gas after gas cleaning is close to atmospheric pressure. The input
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conditions to the process simulations for this study are the flue gas composition, temper-
ature, and pressure, whereas the CC plant size will determine the flow rate.

2.2 Carbon Capture Technologies

Multiple CC technologies exist, with even more being researched and developed [DEA, 2024].
Depending on the combustion, different technologies can be used. The most common
post-combustion CC technologies are absorption, adsorption, membrane, or cryogenic.
Each capture technology includes numerous process steps that enable optimization when
integrated with an industrial process. The difficulty of choosing a CC technology for a
post-combustion point source arises due to the variety in flue gas characteristics and sys-
tem configuration. [Baker et al., 2022]

Absorption methods are the most mature CC technologies, operating on large-scale com-
mercial plants worldwide. Currently, two distinct absorption phenomena are employed
within CC: physical or chemical. Physical absorption concerns the dissolution of CO2

into a solvent without chemical reactions occurring. Most physical solvents demand a
high CO2 concentration since the dissolution of CO2 into the solvent is directly pro-
portional to the partial pressure of CO2 as described by Henry’s law in Equation (2.1).
[Cengel and Ghajar, 2016]

yliquid side =
pgas side

H
(2.1)

Where H is Henry’s constant, P is the partial pressure of the solute in the gas phase, and
y is the molar fraction of the solute in the liquid phase. Henry’s law is only temperature
dependent for low soluble species in a dilute gas-liquid solution under 5 bar and linearly
behaves with temperature change. However, the relationship is not linear for highly solu-
ble species such as ammonia in water and depends on pressure and temperature.

Today, large-scale physical absorption CC processes primarily operate on a pre-combustion
process. Chemical absorption is a better-suited option for post-combustion CC due to the
lower CO2 concentration than pre- and oxy-fuel combustion. The absorption capacity
against the CO2 concentration of physical and chemical absorption is illustrated in Figure
2.2. [Hekmatmehr et al., 2024]
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Figure 2.2: Absorption capacity concerning CO2 concentration. (Inspired by [Cormos, 2017])

The figure indicates that chemical absorption is favored at low CO2 concentrations, co-
inciding with the post-combustion point sources chosen. When chemical reactions are
present, the dissolution of CO2 into a solvent follows a nonlinear behaviour for the ab-
sorption capacity. Physical absorption is not economically beneficial for CO2 concentration
below 15 vol% [Chakravarti et al., 2001].

The benchmark technology for chemical absorption is Monoethanolamine (MEA), which has
well-known thermodynamics and kinetics [Zhang and Lu, 2015]. MEA is commonly used
today due to fast kinetics and mass transfer rates. Yet, capturing CO2 with MEA is energy-
intensive and costly, with literature showing approximately 4.0 MJ/kgCO2 required. The
energy intensity arises from the regeneration of the solvent. An increase in MEA concen-
tration can reduce energy requirements, yet high MEA concentration raises corrosion and
degradation rates. The major issues with MEA are thermal decomposition and degrada-
tion by O2, SOx, and NOx. The degradation tends to form heat-stable salts and corrosive
products by irreversible chemical reactions, resulting in added solvent replacement cost.
[Hekmatmehr et al., 2024]

Alternatives to MEA have been widely researched for chemisorption CC to obtain more
effective solvents with lower degradation rates and energy requirements, reflecting sol-
vent performance to decrease the cost of CC. Two other chemisorption technologies are
approaching Technology Readiness Level (TRL) similar to MEA. MEA is considered TRL
9, reflecting large-scale commercial level, where the alternatives Potassium Carbonate with
Carbonic Anhydrase (PCCA) and Chilled Ammonia Process (CAP) are on the way up there
with a TRL of 7-8 and expecting to reach full-commercial scale in this decade [DEA, 2024,
Bukar and Asif, 2024].
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While alternatives to MEA for post-combustion CC are extensively studied [Hu et al., 2017,
Suleman et al., 2022, Darde et al., 2010], being able to assess the CC technologies across
point sources and quickly evaluate the greater solution is lacking. Choosing a CC tech-
nology requires a system assessment regarding heat integration, process operation, energy
penalty, plant efficiency reduction, and general cost for beneficial CC implementation. Pre-
vious studies developed a CC technology development decision tool for assessing neces-
sary development in CC technologies [Baker et al., 2022], yet, the time for CC technologies
to rise through the TRLs to a large commercial scale can be extensive, stalling the net-zero
CO2 emission goal by 2050. In favor of reaching net-zero emissions, this study aims to de-
velop a tool to assess the beneficial CC technology chosen across multiple Key Performance
Indicators (KPI)s. This can preferably provide a screening tool to decrease the determin-
ing period when choosing the optimal CC technology for implementing CC on large-scale
point sources.

The thesis framework revolves around high TRL chemisorption CC technologies to evalu-
ate present technology that is ready for implementation on large-scale point sources. The
assessment tool chosen for development is a selection matrix. A selection or decision ma-
trix is a tool for comparing suggested problem solutions across different criteria chosen.
This enables systematic comparison to determine the optimal solution. Constraints or
specific needs from the user can be implemented by subjective weighting of the criteria.
The selection matrix utilizes CC technologies as solutions, enabling systematic comparison
across KPIs as criteria. The KPIs are to be determined for this study, yet a greater under-
standing of the CC technologies is necessary before choosing the KPIs for the selection
matrix evaluation.

2.3 Chemisorption Carbon Capture Technologies

Figure 2.3 presents a standard chemisorption CC process plant from the flue gas inlet until
compression of captured CO2.
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Figure 2.3: Illustration of typical chemisorption CC process

In the figure above, flue gas from a point source enters a flue gas cooler and flash tank as
the flue gas is saturated with water. The cooled flue gas enters the absorber with sieve trays
or packing material, to increase residence time and surface area, enhancing CO2 capture.
The absorber tower operates typically at low temperatures as CO2 absorption is an exother-
mic process. A lean solvent entering the top of the absorber tower is washing the flue gas.
The product streams from the absorber are a CO2 rich solvent solution at the bottom and
a cleaned flue gas from the top. The rich solvent is heated by the lean stream from the
desorber in a heat exchanger before entering the top desorber stage as the condensate from
the condenser above. The remaining gas above the desorber becomes the recovered CO2,
which undergoes multistage compression to reach transportation criteria. The desorber
bottom stage is supplied with evaporated solvent from the reboiler pumparound. The lean
stream exiting the desorber is cooled through the heat exchanger and lean solvent cooler
before returning to the absorber. From this point, the temperature-swing cycle proceeds
for the chemisorption CC process. [Suleman et al., 2022, Masson-Delmotte et al., 2018]

The CC technologies chosen follow the principle of the CC process from Figure 2.3. An
overview of the CC technologies is conducted by a literature study [Hekmatmehr et al., 2024,
Aouini et al., 2012, Qi et al., 2018, Hu et al., 2017, Lu et al., 2011, Darde et al., 2010, Sutter et al., 2016,
Bukar and Asif, 2024]. This is presented in Table 2.3.
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Table 2.3: Overview of the chosen chemisorption CC technologies.

CC Technology MEA PCCA CAP

Advantages
Favorable kinetics
High absorption rates

Low regeneration energy at 70-80 °C
High thermo-stability
Enzyme has high CO2 selectivity
Compounds formed are benign
Non-volatile
Low enthalpy of reaction ≈ 27 kJ/molCO2

Lower energy penalty than MEA
High absorption capacity > 5wt%
Highly resistance to O2, SOX, and NOX
Low regeneration requirement

Disadvantages

Energy intensive
Highly corrosive above 25 wt%
Toxic compounds
Highly degradative/oxidative
Low CO2 loading capacity

Enzyme degradation (not regenerateable)
Low CO2 loading capacity

Highly volatile
Complex physicochemical phenomenas
Solid formations hard to control

TRL 9 7 7
SPECCA ≈ 4.0 MJ/kgCO2 ≈ 3.0-3.5 MJ/kgCO2 ≈ 2.5-3.0 MJ/kgCO2

With a general overview of the CC technologies presented, chemistry and specific condi-
tions for each technology will be evaluated.

2.3.1 Monoethanolamine - Carbon Capture

CO2 absorptions by MEA are described in the literature by two different reaction mecha-
nisms. Firstly the zwitterion reaction mechanism by Reactions (R1) and (R2) [Suleman et al., 2022,
Zhang and Lu, 2015].

MEA + CO2 −−⇀↽−− MEACOOH (R1)

base + MEACOOH −−⇀↽−− MEACOO− + baseH+ (R2)

Reaction (R1) presents the production of the intermediate zwitterion (MEACOOH), fol-
lowed by deprotonation in Reaction (R2) by a base. The base in an aqueous MEA solvent
can be MEA, H2O, or OH− to produce carbamate MEACOO− and a protonated base. The
second mechanism is termolecular, presented in Equation (R3).

MEA + CO2 + MEA −−⇀↽−− MEACOO− + MEA+ (R3)

The termolecular reaction reflects the same reaction, yet with MEA as the base, result-
ing in three reactants (MEA, CO2, and MEA) simultaneously reacting to form products
(carbamate and protonated MEA). MEA is the dominant base in CO2 absorption. H2O
and OH− are also present, yet have minimal impact on the chemical absorption of CO2.
[Borhani et al., 2018]

CO2 absorption with MEA is an exothermic reaction with a heat of absorption of approxi-
mately 85-90 kJ/molCO2. The absorber typically operates at 40-60 °C and the desorber at
100-120 °C. The desorber is limited to 2 bar operational pressure due to thermal degrada-
tion occurring above 122 °C of MEA. [Pfaff et al., 2010]

10



Chapter 2. State of the Art

Although MEA is the benchmark CC technology for chemisorption CC, utilizing MEA has
disadvantages. Solvent degradation by flue gas contaminants O2, SOx, and NOx results in
the formation of toxic thermo-stable salts and corrosive products. The MEA degradation
impacts the operation by increasing the solvent make-up as the degraded reactions are
irreversible. The MEA degradation rate seen from Andrade et al was 1.5 g/kgCO2 cap-
ture [de Andrade, 2014], yet this heavily depends on the flue gas compounds and solvent
concentration. Alternatively, a more extensive flue gas pre-treatment can avoid these is-
sues with MEA degradation, yet both scenarios increase the operational expenditures. The
other aspect is increased cost due to waste handling of the toxic degraded compounds or
material cost to avoid breakdown due to corrosion. The flue gas content can be vital for
the cost of CC when utilizing MEA, however, the impact on performance in CO2 recov-
ery and energy requirement is insignificant if actions against MEA degradation are taken.
[Aouini et al., 2012, DEA, 2024]

2.3.2 Potassium Carbonate with Carbon Anhydrase - Carbon Capture

In the PCCA process, an aqueous solution of potassium carbonate (K2CO3) is the solvent,
where the enzyme Carbonic Anhydrase (CA) promotes the dissolution of CO2 in the solvent.

The solvent without CA is an aqueous solution with K2CO3 promoting two Reactions (R4)
and (R5). Firstly, the hydration of CO2 to form carbonic acid (H2CO3) that then dissociates
fast to bicarbonate (HCO3

−) and a proton. Secondly, dissolved CO2 with hydroxide ions.
[Hu et al., 2017, Zhang and Lu, 2015]

CO2 + H2O −−⇀↽−− HCO3
− + H+ (R4)

CO2 + OH− −−⇀↽−− HCO3
− (R5)

The heat of absorption for aqueous PC with CO2 is lower than MEA (≈ 27 kJ/molCO2).
The weak CO2 affinity in aqueous solvent results in possible regeneration at lower temper-
atures (60-80 °C). [Lu et al., 2011]

The CC technology is similar to MEA, nevertheless, the absorption rate of CO2 is signif-
icantly slower. This would result in a larger and more costly absorber column to obtain
equal CO2 recovery as a benchmark MEA absorber. The environmental impact is benign
in contrast to MEA, which is an advantage. To enhance the CO2 absorption rate, pro-
moters can be added. The technology developed by CO2 Solutions Inc. has been bought
by Saipem, which utilizes the enzyme CA as a promoter [Saipem, 2025]. The enzyme
functions as a biocatalyst in the dissolution of CO2 presented in (R6)

CO2 + H2O + CA −−⇀↽−− HCO3
− + H+ + CA (R6)
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The enzyme participates as a catalyst in the CO2 hydration seen above. Promoting the
solvent with a biocatalyst results in an adsorption effect on the active site of the CA en-
zyme. CO2 hydration is sped up by the catalytic effect. The regeneration in the PCCA
process occurs in an integrated vacuum desorber. Here the pressure is 0.15-0.55 bar which
enables evaporation of the rich solvent at low temperature (< 80 °C). PCCA regeneration
is key to keep below 80 °C to avoid enzyme degradation, hence the need for makeup.
[Qi et al., 2018]

In an experimental study by Lu et al, the enhancement of CO2 dissolution was investi-
gated, where the enhancement factor was found to be largest at low temperatures (25 °C)
and high CA concentration (600 mg/L) due to the lower Henry’s constant and lower acti-
vation energy of Reaction (R6). Additionally, the CA activity is not significantly affected
by the CO2 loading at high CA concentrations (≥ 300 mg/L), indicating Reaction (R5) as
the dominant reaction until sufficiently high CA concentration, whereafter Reaction (R6)
will become the dominant reaction. Another aspect observed by Lu et al is that when
Reaction (R6) is the dominant, CO2 absorption rate is insignificantly changed with CO2

loading in the solvent, reflecting constant capture behavior through an absorber column.
[Lu et al., 2011]

The enzyme degradation occurs due to the deactivation of the active side of the biocatalyst.
The degradation rates were observed by Lu et al, with less than 10.2 % loss in CA activity
by the presence of NOx and SOx. This results in decreased absorption rates unless catalyst
make-up is added, increasing the operational expenditure.

2.3.3 Chilled Ammonia Process - Carbon Capture

Two options using ammonia as a solvent for chemical absorption are utilized, chilled
ammonia (0-20 °C) and at ambient conditions (25-40 °C). Due to the high volatility of am-
monia, the CAP reduces ammonia slip from the absorber, decreasing the extensive water
wash needed for the process at ambient conditions. The most mature process is the CAP,
available from General Electric (developed by Alstom) [Bukar and Asif, 2024]. A risk of the
CAP is precipitation in contradiction to the ambient process, however, the CAP developed
by Alstom is a non-precipitating CAP on TRL 7. Based on the provided information, this
study employs the CAP without solid formations to compare with the previously men-
tioned technologies. [Darde et al., 2010, Hanak et al., 2015]

Sutter et al. optimized the CAP on a coal-fired power plant. Reflecting the non-precipitating
CAP, an energy requirement of approximately 3.0 MJ/kgCO2 was observed. This was
achieved with a solvent concentration of approximately 10 wt.% and a water-wash section
recapturing above 97.5% of the ammonia slip from the absorber. [Sutter et al., 2016].
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To operate the CAP absorber at sufficiently low temperature (<20 °C), the flue gas needs
cooling by a direct contact cooler below 10 °C. Additionally, the lean stream entering the
absorber will also need to be cooled to 10 °C. A chiller is necessary to reach these low
temperatures for the flue gas. [Hanak et al., 2015]

The key chemical reactions in CC by NH3 are presented in Reactions (R7), (R8), and (R9).

NH3 + CO2 −−⇀↽−− NH2COO− + H+ (R7)

NH3 + H2O −−⇀↽−− NH4
+ + OH− (R8)

H2O + CO2 −−⇀↽−− HCO3
− + H+ (R9)

Where carbamate anion (NH2COO−) and ammonium (NH4
+) can form the solid ammonium

carbamate (NH2COONH4). Additionally, NH4
+ and bicarbonate (HCO3

−) can form the solid
ammonium bicarbonate (NH4HCO3). The key to avoiding these formations is keeping the
ammonia concentration below 17.5 wt.% and avoiding the temperature from decreasing
below 2 °C in the process. [Hanak et al., 2015, Sutter et al., 2015].

The extended research on CC with ammonia in contradiction to amine arises due to the po-
tential of more cost-beneficial regeneration while observing high CO2 absorption capacity.
A few characteristics are the reason for this. Primarily, the heat of absorption of approx-
imately 70 kJ/molCO2 is lower than MEA, reducing the energy penalty for regeneration
[Qin et al., 2011]. Regeneration can occur at higher pressure in the desorber in contrast to
MEA, since thermal degradation of ammonia is almost non-existent. Additionally, interac-
tion with flue gas impurities has an insignificant effect on ammonia degradation, enabling
a multifunction capture with ammonia as a solvent. Especially O2 concentration, a signif-
icant drawback with MEA due to corrosion and degradation, yet an insignificant impact
on degradation and CO2 capture with ammonia. [Sutter et al., 2015, Darde et al., 2010,
Sutter et al., 2016]

A drawback of the CAP is relatively slow kinetics compared to MEA, affecting the equip-
ment sizing. Another important aspect is the system configuration needed to avoid am-
monia slip. The cleaned flue gas exiting the absorber is prone to contain toxic evaporated
ammonia. A water wash system is typically installed to diminish the ammonia slip, which
functions as another absorber/desorber system, yet in a significantly smaller size than the
primary temperature swing. Figure 2.4 illustrates this CAP system configuration.
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Figure 2.4: Illustration of the CAP system process including water wash.

As illustrated in the figure above, the water wash system is added to decrease ammonia
slip with the CO2 cleaned flue gas before going to the stack. The recovered ammonia
is recycled back to the cooled lean solvent stream. The water make-up is added in the
top absorber stage, where the lean solvent containing highly volatile ammonia enters the
second top stage, decreasing the ammonia evaporation. Thus, enhancing the absorber CO2

recovery. [Sutter et al., 2016, Hanak et al., 2015]

2.3.4 Summary of Carbon Capture Technologies

The benchmark chemisorption CC technology MEA has been introduced with two alter-
natives. These three technologies are deemed ready for large-scale commercial implemen-
tation as PSCC technologies. Determining the greater technology for each point source
is case-dependent and requires evaluation across KPIs. Table 2.4 presents the operating
conditions utilized in this study.
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Table 2.4: Determined operating conditions for each chemisorption CC technology

MEA [Okuno et al., 2019]
[Hu et al., 2017]
[Nakamura et al., 2013]

PCCA [Lu et al., 2011]
[Thee et al., 2015]
[Qi et al., 2018]

CAP [Hanak et al., 2015]
[Sutter et al., 2016]

Unit

Absorber temperature 40-60 30-60 11-43 [°C]
Absorber pressure 1.013 1.013 1.013 [bar]
Desorber temperature 110-120 70-80 130-150 [°C]
Desorber pressure 2 0.25 10 [bar]
Inlet flue gas temperature 20 25 7 [°C]
Lean solvent temperature 20 25 10 [°C]
Desorber condenser tempera-
ture

25 18 68 [°C]

Technology provider Fluor Ecoamines Saipem (developed by
CO2 Solutions Inc.)

General Electric (devel-
oped by Alstom)

The absorber pressure is assumed to be atmospheric pressure. Compressing a high vol-
umetric flowrate flue gas, before entering the absorber, requires significant compressor
power, as electrical energy further increases the already energy-demanding CC technology.

This study will utilize these operating conditions to conduct process simulations to deter-
mine the performance of each technology regarding the specific point sources previously
presented.

2.4 Sizing the Chemisorption Carbon Capture System

A typical chemisorption CC plant system size is chosen to compare MEA, PCCA, and
CAP across the waste incineration, biomass, and natural gas point sources. This is based
on the modular CC plant solution from SLB Capturi Advanced Carbon CaptureTM. The
technology is named Just CatchTM 100, referring to the capturing capacity of 100 kton-
ne/year. Assuming 8000 operating hours each year results in a capture of 12.5 tonne/h.
[SLB Capturi, 2025]

Assuming the flue gas operates with 12.2 vol% CO2 concentration (from the waste incin-
eration point source) and the CO2 recovered from the inlet flue gas to exit downstream of
the desorber is 90 %, the CO2 mass flow rate can be determined to be 14.4 tonne/h. Using
this, the total mass and molar flow can be determined. Table 2.5 presents the mass and
molar composition and flow rates of each point source chosen.

Table 2.5: Standardized flue gas flow rates for the chosen point sources

Waste incineration Biomass Natural gas
Units [vol%] [kmol/hr] [wt.%] [tonne/h] [vol%] [kmol/hr] [wt.%] [tonne/h] [vol%] [kmol/hr] [wt.%] [tonne/h]
CO2 12.2 327.0 18.8 14.4 11.1 300.2 17.3 13.2 4.0 107.5 6.2 4.7
O2 7.7 206.4 8.6 6.6 5.8 156.9 6.6 5.0 12.4 335.6 14.0 10.7
H2 17.4 466.4 11.0 8.4 17.4 470.6 11.1 8.5 8.4 227.8 5.4 4.1
N2 62.7 1680.7 61.6 47.1 65.7 1776.7 65.1 49.8 75.2 2031.3 74.4 56.9
Sum 100.0 2680.5 100.0 76.5 100.0 2704.3 100.0 76.5 100.0 2702.3 100.0 76.5
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The total mass flow is set to 76.5 tonne/h as the standard inlet condition for each flue gas
to compare the CC technologies on equal terms.

2.5 Key Performance Indicators for Selection Matrix

The MEA, PCCA, and CAP technologies share a similar CC process system configuration,
yet the thermodynamic and chemical aspects are different. These differences reflect the
variation in operating conditions across the CC technologies. The KPIs are determined to
investigate the impact on system performance due to these differences.

In the previously presented study by Baker et al. for the technology development matrix,
the KPIs are defined in three categories: performance, cost, and lifetime [Baker et al., 2022].
Yet, this study neglects lifetime as a KPI due to the similar process operation between the
CC technologies. While both performance and costs are critical in evaluating CC tech-
nologies for a point source, cost evaluations are highly case-specific and depend on the
equipment sizing, point source site conditions, and the process designer’s constraints for
the individual process plant. This limits a consistent systematic comparison of the CC
technologies across point sources. Therefore, this study focuses on performance-based
KPIs to reflect differences between the CC technologies. Thus, a broad comparison of
technical feasibility and process efficiency in the post-combustion CC context.

The main parameter in CC is the CO2 recovery. This is chosen as a KPI to compare the CC
technologies and evaluate the remaining KPIs. CO2 recovery is vital to minimize emissions
and cost penalties in the future. The CO2 recovery is defined by Equation (2.2).

RCO2 =
ṅCO2,recoverd

ṅCO2,in
· 100 [%] (2.2)

Where the ṅ is the molar flow rate. The CO2 recovery KPI is defined to monitor the
CO2 capture and emission post CC. Another aspect is the purity of the CO2 recovered.
A study by the European project DYNAMIS improved the CO2 quality recommendation
regarding CCUS, first proposed by the ENCAP project. The specified recommendations
by the DYNAMIS project are presented in Table 2.6.
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Table 2.6: DYNAMIS recommendation for CO2 quality with regards to CCUS [SINTEF, 2009]. a: limitations
for storage [ABS, 2025]

Component Unit Concentration Reason
H2O [ppm] < 500 water solubility limit in CO2
O2 [ppm] < 100-1000 Knowlegde gap regarding underground consequences
N2 [vol%] < 4 From ENCAP project
SO2 [ppm] < 100 Safety and health hazards
NO2 [ppm] < 100 Safety and health hazards
Amine [ppm] < 10a Safety and health hazards
NH3 [ppm] < 10a Safety and health hazards
CO2 [vol%] > 95.5 By component balance

Based on the recommendations from the DYNAMIS study, the KPI is defined as above
95.5 vol% CO2 purity to enable both utilization and storage post CC. Additionally, from
the CO2 recommendations, the O2, N2 and solvent content are added as KPIs.

The utility demand is a key aspect for a CC plant as it directly presents the technical
feasibility of a CC technology. It presents the penalty to implement CC, decreasing the
point source environmental impact by CO2 emissions. Additionally, the utility demand
reflects the thermodynamic and process efficiency of the CC technology. The reboiler duty
is one of the major aspects in determining the utility demand for a CC technology. The
Specific Primary Energy Consumption for CO2 Avoided (SPECCA) is defined as a KPI. This
corresponds to the total primary energy needed per kg CO2 avoided. The SPECCA value
is determined by Equation (2.3).

SPECCA =
Q̇primary,energy

ṁCO2,avoided
(2.3)

Where Q̇ is the thermal heat power of the primary energy and ṁ is the mass flow of
CO2 avoided. The primary energy in the CC technology itself is the reboiler duty as the
only thermal heating demand in the system. Additionally, the electrical work required is
measured against the avoided CO2 defined as the Electrical Work per Avoided CO2 (EWA).
Equation (2.4) shows the definition of the EWA KPI.

EWA =
Ẇpumps + Ẇcompressors + Ẇchillers

ṁCO2avoided
(2.4)

Where Ẇ is the present electrical work consumption for pumps, compressors, and chillers
in the CC process. This is another KPI chosen to compare CC technologies. Solvent and
water make-up are two other KPIs chosen. These define the operational demands, reflect-
ing resource efficiency and long-term operational needs. It shows a different technology
performance, which impacts the environmental sustainability of each CC technology. The
make-ups are normalized according to recovered CO2 to compare the CC technologies.
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Table 2.7 summarizes the KPIs and their units.

Table 2.7: Overview of defined KPIs utilized in the selection matrix

KPI Units
CO2 recovered [%]
SPECCA [MJ/kgCO2]
EWA [MJ/kgCO2]
Water makeup [kg/kgCO2]
Solvent makeup [g/kgCO2]
CO2 purity [vol%]
O2 in recovered CO2 [ppm]
N2 in recovered CO2 [ppm]
Solvent in recovered CO2 [ppm]

The KPIs are chosen to evaluate the CC technology performances across point sources,
reflecting the difference in effective CC and process operation.
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Objective
Post-combustion Carbon Capture Utilization and Storage (CCUS) is necessary to reach the
common goal of net-zero CO2 emissions, as industrial process plants and heat and power
production from fossil fuels are emitting CO2 are indispensable and difficult to replace
otherwise before 2050.

To enable the decrease in CO2 emissions from point sources quickly, the study revolves
around three chemisorption Carbon Capture (CC) technologies on a high Technological Readi-
ness Level (TRL) (Monoethanolamine, potassium carbonate with carbonic anhydrase, and
chilled ammonia process). Additionally, these technologies are investigated across three
standardized point sources, systematically comparing their performance regarding post-
combustion CC.

This study aims to develop a selection matrix as an analysis tool to selectively deter-
mine an optimal chemisorption CC technology for real-world specific post-combustion
point sources. The systematic comparison of CC technologies is based on Key Perfor-
mance Indicators (KPI)s, which enables consistent evaluation of technical performance
and process efficiencies.

Below is defined the research question as specific objectives to frame this master thesis main objective:

■ How can an adaptable process model of each technology be developed to reflect a
modular CC plant for systematically comparing the CC technologies on equal terms?

■ Which of the operating parameters, liquid-to-gas ratio, lean stream temperature, flue
gas temperature, and reboiler duty, most significantly impact CO2 recovery and en-
ergy consumption per CO2 avoided, based on a parametric study?

■ What ranking between the chosen CC technologies can be determined based on the
selection matrix KPI scores of the three standardized point sources?

■ What assessments can be made regarding the selection matrix by extending it with
heat integration analyses of the CC technologies?

■ Which CC technology is optimal based on a real-world case, utilizing the extended
selection matrix tool for comparing the technology integrations?
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Modeling Approach
This chapter aims to develop three adaptable process models, one for each CC technology,
to evaluate the KPI scores and compare them in the selection matrix. Addionally, present-
ing how a heat integration analysis can be performed. Each model is an equilibrium-based
model, with the main objective of comparing the technology performance due to their dif-
ference in thermodynamic and chemical capabilities. The operating conditions for each
CC technology follow the conditions from Table 2.4.

4.1 Equilibrium Process Models Description

The equilibrium models for MEA, PCCA, and CAP feature an equilibrium-based absorber
and desorber. Each process simulation will be carried out in the Aspen Plus software
utilizing the Electrolyte Non-Random Two-Liquid (ELECNRTL) property model, an activity
coefficient property model incorporating the Redlich-Kwong equation of state to evaluate
the vapor phase fugacities. The ELECNRTL property method is commonly utilized in
chemical processes where interactions between ions and solvents are key to determining
the chemistry, as is the case for absorbers and desorbers. The property model provides pre-
cise calculations for activity coefficients in highly non-ideal solutions. [AspenTech, 2020]

The CC part of each process model involves the ELECNRTL property method, which calcu-
lates heat and material balances while determining thermodynamic, chemical, and phase
equilibria. A difference between the process models is the compound species involved.
Table 4.1 shows which compounds are present in each process simulation.

Table 4.1: Compounds present in each Aspen Plus process model. α: specified Henry component

Compounds MEA PCCA CAP
αCO2 ✓ ✓ ✓
αO2 ✓ ✓ ✓
H2O ✓ ✓ ✓
αN2 ✓ ✓ ✓
H+ ✓ ✓ ✓
HCO3

− ✓ ✓ ✓
OH− ✓ ✓ ✓
CO3

2− ✓ ✓ ✓
MEA ✓ × ×
MEA+ ✓ × ×
MEACOO− ✓ × ×
K2CO3 × ✓ ×
K+ × ✓ ×
NH3 × × ✓
NH4

+ × × ✓
NH2COO− × × ✓

CO2, O2, and N2 are Henry components in the process models as the vapor pressure for
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ions is zero. The pollutant compounds NOx and SOx included in the point sources pre-
viously presented are omitted in the equilibrium models. The impact on CC and energy
requirements across the CC technologies would be minor, as their presence will impact the
operational parameters as additional solvent and water make-up [de Andrade, 2014].

Pressure losses are excluded in the process simulations since the important aspect is com-
paring system performance. The pressure loss across the processes depends on the specific
equipment and sizing, why omitted in the process equilibrium models.

4.1.1 Absorber

The RadFrac column block in Aspen Plus is designed to model distillation or absorption
processes. When operating in the software, the equilibrium-based specification is cho-
sen, indicating that the software determines an equilibrium at each stage. The number
of absorber stages reflects the separation efficiency, as each stage enables the vapor and
liquid phases to reach equilibrium. This increases the vaporization efficiency, enhancing
the purity of the separated compounds. As the number of stages increases, the absorber
height increases, resulting in higher capital cost. Yet more stages enable a lower reflux
ratio while maintaining high separation efficiency. The energy requirement also increases
with the number of stages. However, as the absorber is without a reboiler or condenser,
the number of stages is typically greater than in the desorber. The number of stages in the
absorber has been investigated during process model setups, where 15 stages are deemed
acceptable for separation efficiency [Awtry, 2013]. The determining process is the CAP
model due to the most volatile solvent of the three. Each process model is specified with
15 absorber stages to enable comparison on equal terms. [Aromada and Øi, 2015].

The absorber in each process model is specified with the presented specifications from
Table 4.2.

Table 4.2: Absorber operating conditions: a not a feed stream to the absorber.

Absorber specification Unit MEA PCCA CAP
Feed stage (flue gas) [-] 15 15 15
Feed stage (lean stream) [-] 1 1 2
Feed stage (make-up H2O) [-] NaNa NaNa 1
Product stage (rich stream) [-] 15 15 15
Product stage (clean gas) [-] 1 1 1
Column pressure [bar] 1.013 1.013 1.013

The absorber specifications across the CC technologies are similar, however, the CAP has a
water make-up feed into the absorber to diminish ammonia slip. Each process is specified
with atmospheric pressure to reflect practical operation. The absorber tower typically is
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the largest in both diameter and height, why increasing the pressure is expensive as it
handles the largest volume flow in the system, the flue gas. [de Andrade, 2014]

4.1.2 Desorber

As the absorber, the desorber is modeled with a RadFrac model, however, a reboiler spec-
ification is added for solvent regeneration. The number of stages for the desorber is found
to be sufficient at 10 during process model setups regarding separation efficiency. The
separation efficiency is lower compared to the absorber. Yet, as the desorber includes a
reboiler and condenser, the energy requirement is lower than if 15 stages were chosen.
The desorber specifications are presented in Table 4.3. [Aromada and Øi, 2015]

Table 4.3: Desorber operating conditions.

Desorber specification Unit MEA PCCA CAP
Feed stage (Rich stream) [-] 1 1 1
Feed stage (Condensate return) [-] 1 1 1
Product stage (lean stream) [-] 10 10 10
Product stage (CO2 rich gas) [-] 1 1 1
Column pressure [bar] 2 0.25 10

The table above shows similar specifications to the absorber, however, the reboiler duty is
another necessary specification. Due to this being a key parameter that is varied in search
of system performance, it is not specified in the table. The column pressure of the desorber
is different for each technology due to the allowed reboiler temperatre fo each solvent.

4.1.3 Heat Exchanger

A heat exchanger is added for the lean and rich streams to heat-integrate the CC plant,
decreasing the amount of excess heat utility required. The heat exchanger is executed
with the shortcut method, assuming a constant overall heat transfer coefficient. This re-
sults in uncertainties for the heat exchanger area calculation. The heat exchanger for each
process is modeled as a countercurrent heat exchanger with the LMTD method approach,
utilizing a constant overall heat transfer coefficient U of 0.85 kW/m2·K and ∆Tmin of 5 °C.
[AspenTech, 2020]

A design approach is necessary to execute the shortcut heat exchanger model, where the
hot outlet/cold inlet temperature of 5 °C is chosen. The lean stream has a lower mass
flow than the rich stream, hence lower heat capacity, indicating the pinch point in the
heat exchanger is on the cold side [Kothandaraman, 2010]. Providing a starting guess for
the hot lean stream entering the heat exchanger aids the heat exchanger model towards
convergence. This includes the stream temperature, pressure, mass flow, and composition.
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The rich product stream from the absorber provides the inlet conditions for the cold stream
entering the heat exchanger.

4.1.4 Multi-Stage Compression

The critical point for CO2 is at 31.1 °C and 73.8 bar [Zhang et al., 2006]. The compressor is
set to deliver 110 bar pressure to fulfill the demand for CO2 transportation [Pfaff et al., 2010].
CO2 compression is included in the CO2 recovery to include the pressure difference be-
tween each CC technology, resulting in different electrical work needed to reach 110 bar.

The multi-stage compressor model in Aspen Plus is utilized. An 8-stage compression with
intercooling between each stage is specified with the specified outlet pressure of 110 bar.
Each compressor is assumed to have an isentropic efficiency of 85 % [Amara, 2021]. The
cooling water temperature is set to 25 °C, from the calculation for a cooling tower presented
in Appendix B. For the gas-liquid heat exchange at each intercooling, the pinch tempera-
ture is assumed to be 10 °C, resulting in a specified outlet temperature of 35 °C after each
intercooling stage. This temperature is above the critical temperature (31.1 °C), avoiding
liquefying the CO2 between compressor stages as it becomes supercritical above 73.8 bar.
A temperature limit of 150 °C after the final compressor is set, where an additional stage
will be inserted if the temperature increases above this point [Wacker and Dittmer, 2014].

As the CO2 compression operates around the supercritical point, the ELECNRTL property
method is swapped with a Peng-Robinson property method [AspenTech, 2020]. The Peng-
Robinson equation of state is generally preferred for predicting the behaviour of CO2 near
the critical point, as it shows greater accuracy compared to the Redlich-Kwong equation
of state, which determines the gas phase properties in the ELECNRTL property method
[Grunwald et al., 2012].

4.1.5 Auxiliary Components

The auxiliary components include heaters/coolers, flash drums, pumps, valves, splitters,
and mixers. These are provided in the process simulations to reach the correct conditions
of streams before entering the key components. Each calculates heat and material balances.
Additionally, the chemical and phase equilibria are determined after each component to
follow temperature and pressure changes. The pumps are assumed to have an efficiency
of 80 %.

Another auxiliary component added is cooling demand from chillers in the CAP process
model. The flue gas is cooled to 7 °C and the lean stream to 10 °C. A chilling Coefficient Of
Performance (COP) of 6.55 is assumed to include the electrical power demand for a chiller
in the CAP model [Sutter et al., 2016]. The COP of a chiller is defined in Equation (4.1).
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COP =
Q̇c

Ẇ
(4.1)

Where Q̇c is the thermal cooling demand to cool the flue gas or lean stream temperature
to 7 or 10 °C, respectively. Ẇ is the electrical work needed to achieve the cooling demand.
[Cengel and Ghajar, 2016]

4.1.6 Nesting Order and Design Specifications

Each process simulation is iterated based on a provided nesting order and design speci-
fications. The design specifications control the solvent make-up to ensure a steady-state
converged result. A design specification for both water and solvent make-up is included.
The nesting order controls which iteration path is chosen first to ensure which order each
loop is converged. The key nesting order is the outside (final) loop, which controls when
a converged result is found.

The lean stream entering the absorber is set as the tear stream for the outer loop in the
convergence order. As a result, this is where the simulations are initialized and end at a
converged result. All three CC technology process simulations are iterated using the di-
rect method, the most robust approach in Aspen Plus. The direct method is a convergence
method that manually iterates based on a tear stream. [AspenTech, 2020]

The design specifications are converged with the secant method, converging one design
specification at a time. This involves a target set to reach the mass balance of water and
a variable to vary to meet this target. Additionally, a tolerance is specified for when the
converged result is reached. Table 4.4 presents the tolerances specified for the tear streams
and design specifications included in the process simulations.

Table 4.4: Loops and tolerances specified in process simulations

Loop Solver Tolerance
Outer loop (lean entering absorber tear stream) Direct method 1e-5
Inner loop (condensate return to desorber tear stream) Direct method 1e-5
Design spec. H2O Secant method 1e-5
Design spec. solvent (MEA, K2CO3, or NH3) Secant method 1e-5

The table above shows that each process simulation is incorporated with two tear streams
and two design specifications, and specified with the same tolerance to ensure mass bal-
ances for all loops are not skewed by the tolerance levels.

The following sections define the chemistry and process conditions for the individual
equilibrium models.
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4.2 Monoethanolamine - Equilibrium Model

The setup of components and chemistry is the first step in developing an Aspen Plus
process model. The ELECNRTL property method includes ion interactions. The CO2-H2O-
MEA equilibrium for chemical reactions is specified. This defines the global chemistry for
the MEA process model. The chemistry is presented in Reactions (R10), (R11), (R12), (R13),
and (R14).

H2O −−⇀↽−− OH− + H+ (R10)

HCO3
− −−⇀↽−− CO3

2− + H+ (R11)

H2O + CO2 −−⇀↽−− HCO3
− + H+ (R12)

MEA + HCO3
− −−⇀↽−− H2O + MEACOO− (R13)

MEA + H+ −−⇀↽−− MEA+ (R14)

Where water dissociation and CO2 dissolution are included. A parameter investigated
across studies of chemisorption CO2 capture is the CO2 loading in the liquid solvent
streams [Aspen Technology, 2014]. The defined CO2 loading utilized in this study for
MEA is seen in Equation (4.2).

γMEA =
[CO2] + [HCO3

−] + [CO3
2−] + [MEACOO−]

[MEA] + [MEA+] + [MEACOO−]
(4.2)

Where the square brackets indicate the concentration of each compound. The solvent CO2

loading is defined as the number of moles of CO2 in the liquid divided by the number of
moles of solvent (MEA). The process flowsheet and iteration order for the MEA model are
found in Appendix C. The important tear stream in this process model is the lean stream
("LEAN-ABS") entering the absorber. Table 4.5 presents an overview of key operating
specifications in the MEA process model.

Table 4.5: Key input specification for the MEA process model

Specification Value Unit
Cooled flue gas temperature 20 [°C]
Lean stream cooler temperature 20 [°C]
Condenser temperature 25 [°C]
Initial guesses
MEA solvent concentration 30 [wt.%]
Lean CO2 loading 0.254 [-]
Lean stream inlet ("HEX") 120 [°C]

The initial guesses for solvent concentration and lean stream loading are necessary to ini-
tialize the process model. The CO2 loading and MEA concentration are found in literature
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comparing process simulations to experimental data from a pilot plant [Aouini et al., 2012,
Aspen Technology, 2014].

4.3 Potassium Carbonate with Carbonic Anhydrase - Equilibrium
Model

For the PCCA process model, the solvent consists of K2CO3 and the enzyme CA. The
extensive Aspen library does not include this enzyme, as it is a complex biological com-
pound. As previously introduced, the CA enzyme functions as a biocatalyst in the CO2

absorption. The kinetic absorption rates are enhanced due to the active sides favoring
CO2 hydration. Yet, a catalyst lowers the activation energy of a reaction, increasing the
forward and reverse reaction rates equally. This means the equilibrium between reactants
and products remains the same, yet it is reached quicker. As a result, modeling in equi-
librium with or without the catalyst will leave the outcome unchanged regarding the CO2

absorption.

Reactions (R15), (R16), (R17), and (R15) represent the chemistry of the PCCA process
model without the CA enzyme.

HCO3
− −−⇀↽−− CO3

2− + H+ (R15)

H2O + CO2 −−⇀↽−− HCO3
− + H+ (R16)

H2O −−⇀↽−− OH− + H+ (R17)

K2CO3 −−⇀↽−− CO3
2− + 2 K+ (R18)

The dissolution of CO2 in water defines the chemistry in the PCCA model, yet the solvent
dissociation K2CO3 into 2 K+ and CO3

2− is also important to reflect the pH changes and
dissolved inorganic carbon equilibrium. This is illustrated in Figure 4.1.
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Figure 4.1: Dissolved inorganic carbon equilibrium [Pankow, 2020]

By the presence of K2CO3 the dissolved carbonate ions (CO3
2−) shifts the equilibrium in

Reaction (R15) toward HCO3
−. The alkaline environment effectively increases the CO2

absorption capacity due to the higher concentration of CO3
2−, favoring the dissolution

of CO2 into the aqueous solvent. The increased pH obtained by dissolving K2CO3 re-
flects a higher concentration of HCO3

− relating to the higher CO2 absorption capacity.
[Pankow, 2020].

The CO2 loading in liquid solvent streams for PCCA is defined by Equation (4.3).

γPCCA =
[CO2] + [HCO3−] + [CO3

2−]

[2 K+]
(4.3)

Where the solvent is defined from the amount of potassium ions (K+) present, since no
other compounds including K+ ion are present in the liquid. The solid salt K2CO3 is not
present in the process model as it is dissolved to ions in the aqueous solution.

The process model flowsheet and iteration order for the PCCA model are found in Ap-
pendix C. In the PCCA process model, the desorber operates at a lower pressure than the
absorber, which is the opposite of MEA and CAP. In the process model, the rich stream
expands to 0.25 bar pressure through a valve before entering the desorber, ensuring the
boiling temperature in the reboiler is below 80 °C to avoid the CA enzyme degrading.
Practically, the desorber operates as an integrated vacuum desorber, with a vacuum pump
removing gas at the top of the desorber to decrease CO2 partial pressure in the desorber.
This allows for solvent regeneration of the rich solvent at temperatures below 80 °C, as
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the phase equilibrium changes. In the study by Lu et al., a vacuum pump integrated with
a desorber in a PCCA process showed an approximately electrical cost of 0.1 MJ/kgCO2

captured, corresponding to 25 % of the total compressor work [Lu et al., 2012]. Addition-
ally, the electrical work and desorber size increased significantly when the pressure was
decreased below 0.2 bar. [Lu et al., 2012]. It is worth noting that the vacuum pump can
impact the EWA of the PCCA process, yet it is not included in the KPI scores, as the vac-
uum pump is not modeled in the Aspen Plus process model. The EWA scores for PCCA
might be underestimated due to this assumption.

The remaining components are similar to the ones from the MEA process simulation. Table
4.6 presents the input specifications and initial guesses provided to the PCCA model.

Table 4.6: Key input specification for the PCCA process model

Specification Value Unit
Cooled flue gas temperature 25 [°C]
Lean stream cooler temperature 25 [°C]
Condenser temperature 18 [°C]
Initial guesses Value Unit
PCCA solvent concentration 30 [wt.%]
Lean CO2 loading 0.61 [-]
Lean stream inlet ("HEX") 78 [°C]

The flue gas and lean stream temperature is 5 °C higher than that of the MEA model,
due to a lower heat of absorption for CO2 into PCCA than for MEA. Yet, the condenser
temperature is decreased to 18 °C due to the lower pressure in the desorber. The initial
guesses for PCCA solvent concentration and lean CO2 loading are found in literature
comparing simulations and experimental data [Qi et al., 2018, Hu et al., 2017].

4.4 Chilled Ammonia Process - Equilibrium Model

For the CAP model, the chemistry involves the highly volatile solvent NH3. The chemical
equilibrium reactions are presented in Reactions (R19), (R20), (R21), (R22), and (R23).

NH3 + HCO3
− −−⇀↽−− H2O + NH2COO− (R19)

NH3 + H2O −−⇀↽−− OH− + NH4
+ (R20)

HCO3
− −−⇀↽−− CO3

2− + H+ (R21)

H2O + CO2 −−⇀↽−− HCO3
− + H+ (R22)

H2O −−⇀↽−− OH− + H+ (R23)
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As with the other process models, CO2 dissociation in water is present to account for the
CO2 dissolution. As previously mentioned, the solid formation risk is not included in the
equilibrium model for CAP due to stable operation without solid formation being wit-
nessed from the literature [Sutter et al., 2016].

The CO2 loading in the liquid solvent streams for CAP is defined by Equation (4.4).

γNH3 =
[CO2] + [HCO3−] + [CO3

2−] + [NH2COO−]

[NH3] + [NH4
+] + [NH2COO−]

(4.4)

Similarly to the MEA model, the CO2 loading is determined by the number of moles of all
CO2 forms divided by the number of moles of all the solvent forms.

For the CAP model in Aspen Plus the process model flowsheet and iteration order are
presented in Appendix C. Due to previously explained NH3 volatility, it is worth noting
that the process system configuration is of greater complexity than MEA and PCCA. The
CAP consists of a separator component ("NH3-SPLI), recycling 97.5 % of the NH3 escap-
ing with the cleaned flue gas. This simplifies the process model, significantly reducing the
need for a second temperature swing system. As a result, uncertainties occur for the water
make-up scores due to the omission of the water wash section for NH3 capture.

Through developing the CAP process model, an additional CO2 water-wash column is
added, removing most of the NH3 exiting the desorber in the recovered CO2 stream. This
results in a minor increase in water consumption. Yet, it was found necessary to meet the
CO2 quality recommendation of below 10 ppm NH3 in the pure CO2 stream. Table 4.7
provides an overview of the key inputs to the CAP model.

Table 4.7: Key input specification for the CAP process model

Specification Value Unit
Cooled flue gas temperature 7 [°C]
Lean stream cooler temperature 10 [°C]
Condenser temperature 68 [°C]
Initial guesses Value Unit
NH3 solvent concentration 10 [wt.%]
Lean CO2 loading 0.21 [-]
Lean stream inlet ("HEX") 138 [°C]

The column pressure is set to 10 bar at the regeneration section and condenser tempera-
ture to 68 °C, avoiding the risks of solid formation [Sutter et al., 2016, Amara, 2021]. The
initial guesses for NH3 solvent concentration and lean CO2 loading are based on literature,
which compares simulation and experimental data for the CAP [Hanak et al., 2015]. As
previously specified, a NH3 concentration above 17.5 wt.% risks solid formation, which is
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why the 10 wt.% concentration of NH3 is chosen.

4.5 Heat Integration Analysis Approach

The heat integration analyses are performed to understand the energy requirements and
heat integration possibilities while considering the temperature levels. The optimization
by heat integration is vital for beneficial CC and can be a deciding factor for the optimal
CC technology.

The pinch analysis is the method utilized for these analyses, with the key assumptions be-
ing steady-state operation, no heat losses, and constant heat capacity flows. The analysis
uses simple thermodynamics in a practical approach, as the target is investigating process
design and operation at the system level. This reflects a simple ideal overview of the en-
ergy penalty of CO2 capture for each CC technology while indicating possible options for
heat integration to reduce the energy requirement. Additionally, the pinch analysis shows
which thermodynamic losses are inevitable and which can be avoided on a simplified sys-
tem level. It allows the process designer to work practically with the process to diminish
energy requirements. Further, it is a tool for investigating heat exchanger networks, op-
timizing the process, where the designer can specify constraints to distinguish between
what is practically possible and ideal solutions. [Kemp, 2019]

The pinch tool uses the analogy that hot streams need cooling and cold streams need heat-
ing. The necessary information for the pinch analysis is supply and demand temperatures
for each stream and the individual heat flow corresponding to these temperatures. With
this information, the problem table method generates the heat cascade using a minimum
temperature approach to determine the hot and cold utility requirements and the pinch
point. Drawing composite curves illustrates where heat integration is possible and excess
utility is needed. [Kemp, 2019]
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Chapter 5

Parametric Study - Process Models
The parametric study investigates the impact on system performance and sensitivity to
parameter change. The aim is to analyze the CC technologies and determine optimal op-
eration conditions for comparing them for the selection matrix. A set of parameters will
be varied to investigate each CC technology. The main parameter is chosen as the reboiler
duty, with the rest being Liquid-to-Gas ratio (L/G), lean stream cooled temperature, and
cooled flue gas temperature. The performance parameters evaluated in the parametric
study are the SPECCA KPI value and CO2 recovery.

The L/G represents the change in liquid mass flow rate, as the flue gas flow rate is kept
constant. It is varied by adjusting the initial guesses for the lean tear stream of each pro-
cess simulation. The lean stream temperature is controlled by the cooler after the heat
exchanger, fixing the temperature of the lean stream before entering the absorber. Lastly,
the flue gas temperature is adjusted in the direct contact cooler, which fixes the flue gas
temperature entering the absorber.

The parametric studies in Aspen Plus consist of multiple process simulations varying the
reboiler duty in a series. A series represents a test range of reboiler duties for a fixed
value of the other investigated parameters. The parametric study is conducted on the
standardized waste incineration point source flue gas compositions. Table 5.1 shows the
baseline for each process model regarding the series parameters.

Table 5.1: Parametric study baseline for process models

Parameter Unit MEA PCCA CAP
L/G [kg/kg] 2.61 3.26 1.57
Tlean [°C] 20 25 10
Tflue [°C] 20 25 7

The L/G is based on the absorption capacity of each solvent, why CAP has the lowest and
PCCA the highest. The temperatures are defined as minimum temperatures by the CC
technology specifications in Chapter 2. The temperature series is increased from here to
reflect days where the cooling temperature will be insufficient to cover the baseline values.

5.1 Monoethanolamine Parametric Study

The L/G of 2.61 kg/kg baseline corresponds to a liquid mass flow rate of 200 tonne/h.
The first round of the series tested the change in L/G. This is presented in Figure 5.1.
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Figure 5.1: Parametric study of MEA model - lean stream massflow rate L/G

In the figure above, the y-axis on the left presents the SPECCA value with the units
MJ/kgCO2, and to the right, CO2 recovered in percentage. The x-axis for both figures
shows the reboiler duty range tested for each series. Omitted points are the result of failed
simulations. Increasing the L/G results in a lower SPECCA value, corresponding with a
higher CO2 recovery. Yet, above the L/G of 3.26 kg/kg, the change is insignificant, indi-
cating that the change in L/G will result in a larger system size without increasing the
CO2 recovery or energy requirement. As a result, the L/G is needed sufficiently high to
decrease the SPECCA value and ensure high CO2 recovery. Based on the L/G series, the
L/G value of 3.26 kg/kg is chosen as the optimal value for the MEA process model. Figure
5.2 shows the lean stream temperature series tested.
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Figure 5.2: Parametric study of MEA model - lean stream temperature

Limited change is observed with the variation in lean temperature. The only significant
changes are seen at the lower part of the reboiler range, where the temperature for the
lean stream is desired to be low. Yet, the difference in SPECCA value and CO2 recovery is
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insignificant. The series for the flue gas temperature is presented in Figure 5.3.
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Figure 5.3: Parametric study of MEA model - flue gas temperature

Changing the flue gas temperature shows an insignificant effect on the SPECCA and CO2

recovery. Even as the tendency is similar between all series across the tested reboiler duty
range, the flue gas temperature is desired as 20 °C to reduce the temperature in the ab-
sorber, hence water carryover to the vapor phase.

For the MEA technology, the reboiler duty, followed by the L/G, has the greatest impact
on the investigated parameters. The lean stream and flue gas temperature show an in-
significant impact in the range tested. Yet, keeping the temperatures low is important
for decreasing water consumption. The parametric study on MEA shows the need for a
sufficiently high L/G if a CO2 recovery above 90 % is desired. Based on the parametric
study, the operating conditions of the MEA equilibrium utilized further on are a L/G of
3.26 kg/kg and cooled lean stream and flue gas temperature of 20 and 20 °C, respectively.

5.2 Potassium Carbonate with Carbonic Anhydrase Parametric Study

As for the MEA parametric study, the L/G, lean stream temperature, and flue gas temper-
ature are varied in series for the PCCA process model. The baseline L/G of 3.26 kg/kg
corresponds to a liquid mass flow rate of 250 tonne/h as the initial guess for the lean tear
stream. The L/G series for PCCA is displayed in Figure 5.4.
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Figure 5.4: Parametric study of PCCA model - lean stream massflow rate L/G

The left figure above indicates an optimum for SPECCA value across the reboiler duty
range for each L/G series. Between the L/G series, decreasing the L/G has a proportional
effect on the SPECCA value. This shows that the CO2 absorption capacity change between
each series is insignificant. Yet, obtaining a converged simulation for the entire reboiler
duty range becomes difficult for the low L/G series, as the temperature in the absorber
increases, resulting in increased water evaporation into the clean gas. A sufficiently high
L/G is needed to ensure a CO2 recovery of 90 % or above. The tendency for the CO2 recov-
ery figure indicates a maximum CO2 recovery of approximately 95 %. Thus, the solvent
regeneration is limited in contrast to MEA, where 100 % recovery was observed.

The L/G value of 3.92 kg/kg is chosen as increasing the L/G further would result in
a larger system than necessary. Yet, decreasing below this value shows difficulties in
obtaining converged simulations. Figure 5.5 presents the variation in the lean stream
temperature.
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Figure 5.5: Parametric study of PCCA model - lean stream temperature
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Decreasing the lean stream temperature shows insignificant changes in SPECCA and CO2

recovery for PCCA. The reboiler duty follows the CO2 recovery linearly until 90 % is
reached. Increasing the above results in penalizing the SPECCA value, again showing the
tendency of a maximum CO2 recovery for PCCA. Figure 5.6 presents the series of flue gas
temperatures.
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Figure 5.6: Parametric study of PCCA model - flue gas temperature

The flue gas temperature is desired as low as possible to reduce the SPECCA value and
enhance the CO2 recovery. The impact difference from 40 to 35 °C is more significant than
from 35 to 30 °C and keeps decreasing. Yet, the impact of the flue gas temperature tested
is insignificant.

The tendency of a capped CO2 recovery of approximately 95 % is observed for PCCA,
indicating 100 % is unachievable by increasing the reboiler duty. The absorption capacity
and regeneration are robust to changes in the parameters tested. Yet, the tendency for
L/G observed is different, becoming a trade-off between high CO2 recovery and SPECCA
value. Difficulties in obtaining a converged simulation are observed at too low L/G ratios,
as for MEA, due to high absorber temperatures. The optimal operating conditions for
further analysis are chosen with a L/G value of 3.92 kg/kg and cooled lean stream and
flue gas temperatures of 25 and 25 °C, respectively, indicating the best trade-off between
the SPECCA value and CO2 recovery, while ensuring a converged result.

5.3 Chilled Ammonia Process Parametric Study

The CAP baseline L/G value of 1.57 kg/kg corresponds to a liquid mass flow rate of
120 tonne/h, nearly half of the other models. This reflects the CO2 absorption capacity
NH3 possesses compared to MEA and PCCA. Additionally, the lower energy regenera-
tion for NH3 compared to MEA is a factor in the lower L/G value [Darde et al., 2010,
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Sutter et al., 2015]. The parametric study for the L/G series is presented in Figure 5.7.
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Figure 5.7: Parametric study of CAP model - lean stream massflow rate L/G

At high L/G, SPECCA decreases with increasing reboiler duty. Conversely, at low L/G,
the reboiler duty shows the opposite effect. The high volatility of NH3 reflects the varia-
tions in SPECCA. At high L/G above 10 MW in reboiler duty, failed simulations are seen,
as a significant amount of NH3 fails to return to the absorber due to accumulation in the
condenser loop. This results in a lower NH3 concentration, hence a lower rich stream
temperature, causing the heat exchanger to fail. A high L/G shows promising high CO2

with corresponding low SPECCA values, yet with the risk of increased NH3 slip in the
recovered CO2 stream and lower capture rates.

For CO2 recovery, an absorption capacity limit is reached for the low L/G series. These
are optimal at low reboiler duties, yet limit the CO2 recovery. This is undesired as it leaves
a limited margin for a process designer when designing a CC plant. The optimal value of
1.70 kg/kg is chosen by a trade-off between low SPECCA value, high CO2 recovery pos-
sibility, and robust operation within the reboiler duty range tested. Figure 5.8 represents
the lean stream temperature series.
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Figure 5.8: Parametric study of CAP model - lean stream temperature

Minor variations are observed by changing the lean stream temperature in the low reboiler
duty range, yet become more significant when the reboiler range increases above 7 MW.
Thus, the lean stream temperature is desired to be low based on the results above, while it
is necessary to minimize NH3 slip. Figure 5.9 presents the series for flue gas temperature
from the CAP model.
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Figure 5.9: Parametric study of CAP model - flue gas temperature

The flue gas temperature shows an insignificant impact on SPECCA value and CO2 re-
covery. Varying the reboiler duty results in a greater impact observed with an indicated
optimum for the SPECCA value around 8 MW, resulting in a CO2 recovery of approxi-
mately 80 %. Yet, the flue gas temperature is important to keep low to decrease NH3 slip,
as for the lean stream temperature.

The parametric studies show that the CAP CC performance is more sensitive to changes in
the L/G than MEA and PCCA, indicating that the highly volatile NH3 solvent significantly
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impacts the system performance by minor variations. Thus, the optimal operating condi-
tion for evaluating the selection matrix KPIs is chosen to a L/G of 1.70 kg/kg and cooled
lean stream and flue gas temperature of 10 and 7 °C, respectively. Table 5.2 summarizes
the optimal operating conditions chosen for each CC technology.

Table 5.2: Optimal operating conditions retrieved from parametric studies

Parameter Unit MEA PCCA CAP
L/G [kg/kg] 3.26 3.92 1.70
Tlean [°C] 20 25 10
TFlue [°C] 20 25 7

The L/G values reflect the difference in absorption capacity between the three technolo-
gies. Across the temperature series, insignificant changes are observed. Yet the reboiler
duty is vital for SPECCA value and CO2 recovery. Increasing the L/G for MEA results
in increased SPECCA value. Yet, for PCCA and CAP, an opposite tendency is observed,
showing that the high heat of absorption regarding MEA controls the energy penalty. The
chosen operating conditions become the new baseline for each CC technology to evaluate
the selection matrix KPIs defined in Chapter 2.
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Chapter 6

Selection Matrix and Heat Integration
Analysis
The selection matrix tool enables a systematic comparison between the CC technologies.
This governing chapter evaluates the KPI scores for each previously defined point source.
Additionally, a heat integration analysis is performed to assess the difference in utility
requirements between the CC technologies.

6.1 Selection Matrix Analysis with Fixed CO2 Recovery

The CO2 recovery KPI is fixed to compare the CC technologies systematically across the
remaining KPIs. Thus, the reboiler duty in the desorber is varied for each case tested, en-
suring a fixed CO2 recovery. Each CC technology is evaluated for the standardized point
sources, extending the comparison spectrum to flue gas compositions. The CO2 recovery
is fixed to 85, 90, and 95 % for each technology across each point source, resulting in 27
conducted cases.

The L/G remains constant for each CC technology at the waste incineration and biomass
point sources due to similar CO2 concentration. Yet for the natural gas point source, the
L/G is decreased due to the lower CO2 concentration, resulting in a lower L/G ratio for
each CC technology for this point source.

6.1.1 Results of Fixed CO2 Recovery Cases

The selection matrix KPI scores are extracted for all 27 simulated cases. Bar graphs are
constructed, which show the difference in KPI scores for the CC technologies across the 27
cases conducted. In Appendix D, the stream results for the 90 % fixed CO2 recovery case
on the waste incineration points are presented. Additionally, in Appendix E, all KPI scores
attained from the 27 cases are presented in a heat map. The fixed CO2 recovery cases are
displayed for the individual KPIs. Figure 6.1 presents the matrix scores for the SPECCA
KPI.
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Figure 6.1: SPECCA KPI scores for conducted fixed CO2 recovery cases

The preferred CC technology tendency across the SPECCA scores is the CAP, PCCA, and
MEA, respectively, except for the natural gas point source, as PCCA exceeds MEA. The
limitation of approximately 95 % CO2 recovery case for PCCA is indicated as it spikes
in SPECCA value, indicating a significantly more energy-intensive CC process than MEA
and CAP above 90 % CO2 recovery. MEA is the most robust regarding SPECCA score
across the point sources, indicating that the CO2 concentration and fixed recovery have
an insignificant impact on the SPECCA value. The CAP is a clear favorite based on the
SPECCA KPI scores between 2.5 and 2.8 across the conducted cases. Figure 6.2 compares
the water make-up scores for the fixed CO2 recovery cases across point sources.
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Figure 6.2: Water make-up KPI scores for conducted fixed CO2 recovery cases

The tendency observed is that CAP requires less water make-up than MEA and PCCA. The
water make-up for MEA is lowest at the biomass point source and highest at the natural

40



Chapter 6. Selection Matrix and Heat Integration Analysis

gas point source, due to the L/G at each point source. The L/G for waste incineration and
biomass is equal, causing a higher absorber temperature due to the higher absorption heat
in the waste incineration point source, as the CO2 concentration is higher in the flue gas.
The MEA water make-up is significantly higher for the natural gas point source, as the dry
gas flow through the absorber is greater, reducing the separation effect and increasing the
water loss. Yet, water make-up for PCCA and CAP is decreased at the natural gas point
source, showing water is less likely to evaporate from the K2CO3 and NH3 solvent than
for MEA.

A tendency to lower water make-up per avoided CO2 is observed for CAP and PCCA
at 95 % compared to 90 % CO2 recovery. Increasing the reboiler duty leads to a greater
desorber distillate rate, reducing the water carryover to the absorber for PCCA and CAP.
Yet for MEA, increasing the reboiler duty results in a lower lean loading returning to the
absorber, increasing the absorber temperature, hence a greater need for water make-up
per avoided CO2. This shows the difference in thermodynamic and chemical capabilities
of the solvents. The water make-up per avoided CO2 is lowest for the CAP across all
cases, even with the added water wash of the recovered CO2 to minimize NH3 slip. This
indicates that the highest fraction of water escape occurs in the absorber due to the tem-
perature of the cleaned flue gas. The water cycle above the absorber reducing the NH3 slip
is not included, resulting in an uncertainty for the water make-up for the CAP. Yet, the
temperature in flue gas is not increasing by being washed with water when recapturing
NH3, hence no significant water make-up is expected due to this recapture.

Figure 6.3 presents the solvent make-up KPI scores.
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Figure 6.3: Solvent make-up KPI scores for conducted fixed CO2 recovery cases

The solvent make-up KPI scores present similar tendencies for each CC technology across
the cases. Increasing the fixed CO2 recovery has a proportional effect on solvent make-
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up per avoided CO2 across all point sources. The solvent make-up per avoided CO2 for
the process models only includes the gas phase escape of solvents, why PCCA is zero.
According to the presented results, CAP is the most solvent-expensive compared to MEA,
with the absolute values for MEA and CAP below 10 g per kg avoided CO2. Figure 6.4
presents the EWA KPI scores for the conducted cases.
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Figure 6.4: EWA KPI scores for conducted fixed CO2 recovery cases

The EWA scores indicate PCCA as the technology requiring the highest electrical power
per avoided CO2. The desorber pressure determines the pressure of the recovered CO2

stream, why the CO2 compression unit for PCCA requires significantly more electrical
work than MEA or CAP. Yet, a lower difference is observed between PCCA and CAP for
the natural gas point source. Here, the CAP requires more electrical power than MEA,
reflecting the chiller work needed to maintain the cold temperatures. The EWA scores
show CAP as the better-suited option at high CO2 concentration, indicating a turning
point to MEA when decreasing the CO2 concentration, even with a higher net compressor
work for MEA than for CAP. Figure 6.5 shows the O2 content in the capture CO2, where
the recommendation from DYNAMIS is below 100-1000 ppm [SINTEF, 2009].
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Figure 6.5: O2 KPI scores for conducted fixed CO2 recovery cases

The differences in CO2 scores reflect the Henry constants for O2 in each solvent. The O2

dissolution is greater in NH3 than for MEA and PCCA. PCCA scores lowest of the three,
lower than 65 ppm for the natural gas point source containing 12.4 vol% O2. Increasing
the reboiler duty decreases the O2 concentration in the recovered CO2, indicating less
evaporation of O2 compared to CO2 as the fixed CO2 recovery is increased from 85 to 95
%. The main drawback is observed for the CAP, as the O2 concentration increases in the
flue gas, the O2 content increases in the recovered CO2. Even with the robust NH3 solvent,
where O2 content is irrelevant for CO2 absorption, too high a concentration of O2 in the
flue gas may result in the need for O2 removal before the CO2 quality is sufficient for
storage or transport. Figure 6.6 displays the N2 content KPI for the recovered CO2 stream.
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Figure 6.6: N2 KPI scores for conducted fixed CO2 recovery cases

N2 content recommendation from the DYNAMIS project is below 4 vol%, where each KPI
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scores significantly below that threshold. The Henry constant for N2 regarding each sol-
vent shows similar tendencies as O2, where the CAP is inclined to have a greater dissolu-
tion of N2 compared to MEA and PCCA. Conversely, PCCA shows the lowest dissolution
amongst the CC technologies. N2 has the largest volume fraction of the compounds in
each flue gas. Yet, the gas N2 concentration and content in the recovered CO2 show that
the Henry component is significantly lower than that of O2. Additionally, increasing the
reboiler duty for each CC technology decreases the N2 content in the recovered CO2, show-
ing a similar tendency observed for the O2 content. Figure 6.7 presents the KPI scores for
solvent content in the recovered CO2 stream. As MEA shows negligible solvent content
and PCCA none, the solvent content is presented for CAP with and without water wash
of the recovered CO2 stream.
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Figure 6.7: Solvent content KPI scores for conducted fixed CO2 recovery cases

It is worth noting that the y-axis is logarithmic to display the magnitude difference be-
tween with and without water wash. The solvent content in the CO2 recovered stream
increases with the reboiler duty, showing that the reboiler duty is proportional to NH3

slip. As the CO2 water-wash column is added to the CAP process model, the fraction
is kept below the 10 ppm threshold for the CO2 quality recommendations. Yet, adding
the water wash increases system complexity with additional wastewater, increasing both
capital and operational costs.

The selection matrix case studies determine the CAP as an overall favorite for the KPIs.
Yet, the CAP is not the best-performing on the solvent make-up, solvent content, and EWA
at low CO2 concentration in the flue gas (4 vol%). Even with the CAP as the best overall-
performing technology, it is also the CC process with the greatest complexity due to added
water wash, chillers, and high reboiler temperatures.

Heat integration between the CC technology and the host plant is important in evaluating
the CC process and impacts the decision on which technology is preferred. Therefore, a
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pinch analysis of each CC technology is conducted to expand the selection matrix compar-
ison of the CC technologies with the minimum energy requirements. The SPECCA scores
previously presented for each CC technology omit the energy quality. A pinch analy-
sis is performed to include the temperature levels in determining the minimum energy
requirements for each process, enabling an extended comparison of the CC technologies.

6.2 Heat Integration Analysis

The pinch analysis is performed for each CC technology on the 90 % fixed recovery case
for the waste incineration point source.

The CC plants are seen as a stand-alone industrial process. Yet, practically, the process is
attached to an industrial process where heat integration includes all hot and cold streams
to evaluate beneficial CC. The degree of excess heat or cooling from the process plant
to the CC plant is case-specific. As this study seeks to compare the CC technologies, the
pinch analysis is conducted for each CC process, providing insight into the heat integration
possibilities within the CC plant and the necessary energy requirement from outside the
CC plant to compare differences across the CC technologies. The data extracted from each
CC technology process model is presented in Table 6.1.

Table 6.1: Pinch analysis data from CC process model

Technology MEA PCCA CAP
Stream Hot/Cold T1 [°C] T2 [°C] Q̇ [MW] T1 [°C] T2 [°C] Q̇ [MW] T1 [°C] T2 [°C] Q̇ [MW]
Flue gas Hot 60 20 6.0 60 25 5.6 60 7 6.7
Lean stream Hot 122 20 24.2 78 25 5.1 143 10 20.7
Gas desorber Hot 103 25 3.9 65 18 3.8 115 68 1.6
Intercoolers (total) Hot 80 35 1.9 100 35 2.7 70 35 1.5
Rich stream Cold 42 104 18.1 59 70 1.5 26 138 15.3
Reboiler Cold 122 122.1 12.9 78 78.1 10.7 143 143.1 9.1

The table above shows the hot and cold stream conditions for each CC technology utilized
in the pinch analyses. A rule of thumb for the pinch point is that when processes include
latent heat exchange, as the CC processes do, the bubble/dewpoints usually determine the
pinch point. Additionally, for the reboiler, a pure latent heat exchanger, the boiling tem-
perature would be constant, yet to avoid division by zero, a temperature difference of the
cold stream of 0.1 °C is assumed to include the energy demand for evaporation. This rep-
resents the bubblepoint temperature, why the pinch point is expected here. [Kemp, 2019]

The Grand Composite Curve (GCC) is constructed by the problem table method [Kemp, 2019].
Additionally, the individual Hot Composite Curve (HCC) and Cold Composite Curve (CCC)
are determined to present the differences in minimum required utility and the possibilities
for heat integration. The pinch analysis is conducted with a global minimum temperature
of 10 and 2 °C to compare the difference in utility requirement for a simple low capital
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cost process and a complex high energy efficient process. This is assessed as possible due
to the heat transfer processes in the CC plants. These include latent evaporation/conden-
sation, direct contact cooling, and liquid-to-liquid heat exchange, which all involve high
heat transfer coefficients.

A set of arbitrary utility sources is included on the GCCs to illustrate the difference in
necessary utilities across the CC technologies. Yet, practically, all the utility sources de-
pend on the type of industrial process plant and location, as it determines the excess heat
temperature and heat flow available and the cooling water temperature. Additionally, the
possibility of delivering to district heating. Table 6.2 shows the defined utilities utilized in
this study.

Table 6.2: Arbitrary hot and cold utility sources chosen for pinch analysis.

Utility Abbriviation Tin [°C] Tout [°C]
Medium-pressure steam MPS 150 150
Low-pressure steam LPS 130 130
Heat pump water HPW 95 85
District heating DH 45 80
Cooling water CW1 20 25
Cooling water CW2 10 15
Chiller CH 2 2

Where medium and low-pressure steam utilities are at constant temperature, reflecting
condensation to supply heat. The Heat Pump (HP) water presents a heat source that can
deliver heat without steam, resulting in a lower-cost heat utility than steam. The district
heating utility presents a third-generation district heating temperature level. The chiller
operates at constant temperature, reflecting the evaporator in a refrigeration cycle. Figure
6.8 presents the GCC for each CC technology at the 90 % fixed CO2 recovery case for the
waste incineration point source with added utility sources to cover the requirements.
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Figure 6.8: Grand composite curves for 10 °C global minimum temperature

In the figure above, the difference in GCC is seen across the three technologies. The pinch
point is seen at the intersection with the y-axis. MEA shows a pinch region due to zero
heat flow between 117 and 122 °C, where a pinch point at 80 and 138 °C is seen for PCCA
and CAP, respectively. The temperature levels necessary to cover the reboiler duty are
favored in the PCCA process. Additionally, a minor possible heat integration is observed
from the "right pointed nose" in the PCCA GCC. The MEA GCC shows a minor heat inte-
gration possibility below the pinch point.

Part of the cooling requirement for MEA and CAP can be cooled by the district heating
source, indicating a reduction in operational expenses. The temperature level for PCCA
is too low to be cooled with district heating when the global minimum temperature is
10 °C. Yet, a high-temperature HP can cover the heating requirement for PCCA, which is
why utility heat costs for MEA and CAP are considerably greater compared to PCCA. For
the hot utility above the pinch point, the temperature level is directly proportional to the
price of each utility, reflecting the latent evaporation energy for water. From the GCC in
the figure above, the PCCA indicates the cheapest CC technology to implement regarding
temperature levels and energy requirements.

Figure 6.9 shows the HCC and CCC with shaded areas for necessary hot and cold utilities
when the global minimum temperature is set to 10 °C.

47



Chapter 6. Selection Matrix and Heat Integration Analysis

0 10 20 30 40 50
Heat Flow [MW]

0

20

40

60

80

100

120

140

160

T
em

pe
ra

tu
re

 [C
]

MEA - 90 % waste incineration

0 10 20 30 40 50
Heat Flow [MW]

0

20

40

60

80

100

120

140

160

T
em

pe
ra

tu
re

 [C
]

PCCA - 90 % waste incineration

0 10 20 30 40 50
Heat Flow [MW]

0

20

40

60

80

100

120

140

160

T
em

pe
ra

tu
re

 [C
]

CAP - 90 % waste incineration

Cold composite curve Hot composite curve Cold utility Hot utility

Figure 6.9: Hot and cold composite curves 10 °C global minimum temperature

The areas between the required hot and cold utilities show the option for heat integration,
where the hot and cold composite curves can exchange heat. The heat exchangers from
each CC technology primarily represent this area, showing a beneficial heat integration so-
lution. For PCCA, a minor heat integration for the intercoolers with the reboiler is seen, yet
the heat flow is significantly low to heat integrate. The significance of the heat exchangers
is highest for MEA, even when it has the highest hot and cold utility-demanding process.
The heat exchanger for PCCA covers a minor part of the utility requirement, indicating a
smaller heat exchanger area, hence a lower heat exchanger cost.

A pinch analysis for each CC technology with a global minimum temperature of 2 °C
is performed equally for the waste incineration case to investigate the change in utility
requirement from the 10 °C analyses. Practically, larger heat exchangers are required to
decrease the global minimum temperature approach, increasing the capital investment of
the CC process. Yet, with the processes in the CC plant, a low global minimum tempera-
ture is not unrealistic.

For the 2 °C case, a possible high-temperature HP configuration is added to the PCCA
GCC with condenser and evaporator heat flows. This illustrates a PCCA process where
the heat utility requirement is replaced by electrical compressor work to sustain the CC
process. The high-temperature HP has a COP of 3.9, utilizing ammonia as refrigerant.
Appendix F presents a more detailed description of the HP utilized. Figure 6.10 shows the
GCC from these analyses.
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Figure 6.10: Grand composite curves for 2 °C global temperature

The 2 °C GCC shows a scenario for each CC technology with a higher energy-efficient
process resulting in increased district heating possibilities for MEA and CAP. This shows
that optimizing each CC process to a 2 °C global minimum temperature decreases the ex-
penditures for cooling. This results in approximately half of the chiller heat flow necessary
for cooling the CAP. For PCCA, the added HP evaporator replaces a fraction of the cool-
ing water needed. Additionally, the hot utility requirement of 9.9 MW from PCCA can
be covered by 2.6 MW of electrical compressor work, resulting in decreased cold utility
requirement due to the evaporator. Figure 6.11 illustrates how the PCCA CC process can
be implemented with a high-temperature HP to meet the hot utility requirement while
decrease the cold utility requirement.
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Figure 6.11: Process flow diagram of PCCA process with heat integrated heat pump

The dotted lines above show expected water cycles to cover the heat flows. The exchange
between the HP and reservoirs demands a temperature difference, and equally, the ex-
change between the hot and cold reservoirs and the CC system components demands a
temperature difference. This results in a larger temperature difference in the HP, decreas-
ing the COP. The system configuration introduces this penalty due to the water cycles
between the reservoirs and the CC process components. It is worth noting that the wa-
ter cycle between the cold reservoir and the flue gas cooler and condenser only covers a
fraction of the cold utility requirement for these components, due to the temperature level
and heat flow seen on the GCC above. Figure 6.12 shows the HCC and CCC for the 2 °C
global minimum temperature pinch analyses.
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Figure 6.12: Hot and cold composite curves for 2 °C global minimum temperature
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The figure above shows minor differences to the 10 °C global minimum temperature HCC
and CCC figures, seen by the temperature levels and a decrease in hot and cold utility
requirements. For the PCCA, the hot utility requirement can be met entirely by a high-
temperature HP, resulting in an integrated process with increased electrical compressor
power being the penalty.

6.2.1 Utility Supply Options

The utility supply options are vital in determining the most suitable CC technology for
an industrial process plant. Table 6.3 shows the electrical work and utilities each process
requires, with the integrated HP process for PCCA for comparison.

Table 6.3: Utility requirements for each CC technology from pinch analyses. a: updated from HP coverage

Electrical work Unit MEA PCCA CAP PCCA-HP
From CC process [MW] 1.0 1.6 0.8 1.6
HP replacement [MW] 0 0 0 2.6
Total [MW] 1.0 1.6 0.8 4.2
Hot utility requirement [MW] 13.0 9.9 9.1 0.0a

Cold utility requirement [MW] 17.9 14.8 17.2 7.4a

The table above shows an increase in electrical work by approximately 160 % for the
PCCA when the high-temperature HP covers the hot utility requirement. Comparing the
technologies with the updated utility requirements, the PCCA shows an almost complete
electrical-driven process. Additionally, 50 % of the cold utility demand is covered by the
high-temperature HP for PCCA-HP.

The hot utility requirements for MEA and CAP demand low or medium-pressure steam
to run the process. Effective heat integration is essential to optimize the energy efficiency
and reduce the utility demands. One strategy involves utilizing thermal energy from the
host industrial plant. Rarely is any thermal heat from the host plant available as excess
energy. It serves as a penalty for supplying the CC process. The thermal energy can be
met through extracting steam and utilizing the latent heat from condensation. External
heat must be provided when internal sources are insufficient or unavailable. This can be
met with electricity-based as an electric heater or a HP, offering precise control and rapid
response to changes in load. Another solution is combustion-based sources like gas-fired,
biomass, and biogas boilers, which provide a steady thermal output and are compatible
with various process configurations. The choice of heat sources and integration strategy
becomes case dependent. Table 6.4 shows the hierarchy of assessed process heating sources
in the two categories. [Olsson and Schipfer, 2022]
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Table 6.4: Hierarchy of process heating sources

Hierarchy Electricity-based Combustion-based
1 Heat pump Biomass/Biogas
2 Electric heater Natural gas
3 Green Hydrogen Coal

Electricity-based sources are expected to be driven by renewable energy sources. The HP is
a clear favorite due to the high obtainable COP for electricity-based sources [Bauer et al., 2023],
yet the specific value depends on the heat source and sink. High-temperature HP reaching
150 °C is possible, however, the complexity in HP configuration is proportional to invest-
ment cost [Dumont et al., 2023]. An electric heater is approximately a direct conversion
from electrical to thermal energy. Green hydrogen is used through combustion, reflecting
an electrical energy carrier. The conversion efficiency from electrical energy to hydro-
gen lies between 60 and 97 %, depending on the electrolyzer type [Pashchenko, 2024].
Yet, storage capacity is beneficial compared to batteries, resulting in a trade-off between
an electric heater and green hydrogen, depending on the variation in electricity price.
[Olsson and Schipfer, 2022]

Biomass and biogas are favored combustion-based sources, due to the possibility of being
carbon-neutral. Natural gas is a fossil fuel, but is favored over coal due to the flue gas
composition. Generally, sustaining a CC process by emitting CO2 through combustion
presents a paradox regarding the process. Increasing the CC plant size to capture the
additional CO2 emission from the process heat generation reduces the penalty concerning
added CO2 emissions, yet the CC plant is overdimensioned compared to its initial purpose.
[Olsson and Schipfer, 2022]

Mechanical Vapor Recompression

The Mechanical Vapor Recompression (MVR) concept, as the HP, reduces hot utility require-
ment by electrical work as a replacement. The reboiler duty requirement decreases through
heat recovery. Figure 6.13 illustrates the concept of the MVR used in CC processes.
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Figure 6.13: Illustration of mechanical vapor recompression in a CC process

A compressor is inserted after the desorber, pressurizing the vapor stream, increasing the
stream temperature and pressure. The compressed vapor stream then delivers heat to the
reboiler before moving through the condenser. The stream is then cooled and condensed
to separate the CO2 and condensate, which is recycled to the CC process. This reduces
the hot utility requirement with electrical compressor work as a consequence. A study by
Fischer et al investigated the impact of the MVR method in a techno-economic analysis of
a MEA CC process regarding a coal power plant. From the study, a decrease in reboiler
duty of 18 to 39 % was observed. Yet, the impact of MEA degradation above 122 °C is not
included in the study. Thus, the risk of MEA thermal degradation increases, as the con-
densate post-reboiler heat exchanger is recycled to the CC process. This would increase
the MEA make-up, risk of emitting toxic components, and corrosion, hence operational
expenditures for the CC process. [Fisher et al., 2005]

Another advantage of the MVR method is that the compressor generally functions as the
first stage of the CO2 multi-stage compression, resulting in less compressor power to reach
110 bar for the CO2 recovered stream. Yet, the gross compressor work might increase as
the compression in the MVR handles a greater mass flow. Conversely, the reduced reboiler
duty requirement may be a beneficial solution. Thus, the MVR heat recovery is another
electrification method, reducing the hot utility requirement as a HP. Yet, the heat recovery
is at a higher temperature, which can cover part of the steam generation demand of MEA
and CAP. MVR increases system complexity and investment cost, but can be a solution if
insufficient excess heat is available. [Fisher et al., 2005]
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6.3 Results of Case Studies and Heat Integration Analysis

The heat integration analyses investigated the differences in minimum utility requirements
for the CC technologies. The selection matrix scores for SPECCA and WEA are presented
with the additional hot and cold utilities normalized against avoided CO2 to include the
results from the pinch analyses in comparing the CC technologies. Figure 6.14 presents
a heat map with a column color scaling, hence each column is scaled for each KPI score.
Additionally, the PCCA-HP proposed technology is included in the matrix.
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Figure 6.14: Heat map results based on heat integration analyses

The spectrum from light to dark blue reflects the worst to the best score concerning the
individual KPI. For SPECCA, the CAP previously showed the best-scoring technology,
and omitting the PCCA-HP shows the same results except for the minimum cold utility
requirement. A takeaway from the matrix scores is that MEA indicates the worst heat
integration possibility of all 4, with the highest minimum utility requirements. Yet, as the
hot utility requirement of the PCCA-HP process is met with the high-temperature HP, the
SPECCA value is set to zero. Thus, PCCA becomes the best-scoring technology for the
SPECCA KPI with the penalty of electricity demand increasing by 160 %. The remaining
KPIs are previously discussed, with CAP as the overall best compared to MEA and PCCA,
only lacking in solvent make-up and solvent content in the CO2 recovered stream. Yet, the
absolute values are low for a CC process and uphold CO2 quality recommendations.

When incorporating the heat integration analyses into the matrix evaluation, the CAP
emerges as a potential overall optimal technology compared to MEA and PCCA. Yet, the
CAP shows certain integration challenges due to the temperature range within the CC
process, demanding medium pressure steam at 150 °C and chiller work at temperatures
below 5 °C. MEA follows closely, demanding 130 °C. This points to a disadvantage for
CAP and MEA compared to PCCA, where low-grade heat is more readily available. This
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makes CAP and MEA less adaptable than PCCA in such contexts. PCCA-HP shows a
solution, reflecting the greater adaptability of PCCA integration with the host plant.

The EWA scores for the CAP include the chiller work, and the associated cooling duty can
significantly influence the overall energy integration strategy, which can be a determining
factor in choosing or disregarding this CC technology. The difference in SPECCA value be-
tween MEA and CAP is significantly higher than EWA. The CAP shows a better trade-off
than MEA due to similar reboiler temperature but a lower SPECCA value. This includes
the consideration of the chiller work sensitivity concerning chiller size and efficiency.

Ultimately, while CAP shows the greatest promise in heat integration with the host CC
plant, the optimal decision becomes case-specific. The need for medium-pressure stream
or low chilling temperature can be a deal breaker. Thus, the optimal decision will come
down to the techno-economic evaluation from the CC plant design perspective, which con-
siders energy integration potential and broader system design constraints.

While the KPI scores provide a high-level comparison between the CC technology per-
formance, the heat integration analyses show a broader comparison of the technologies,
providing the user with an additional overview. This shows the importance of the tem-
perature levels and utility requirements, hence heat integration metrics, in determining
the optimal CC technology. The selection matrix tool serves as a structured screening
overview tool for the CC technologies, enabling the application of specific constraints as
the availability of the excess heat, which can shift the relative rankings from the observed
results from this study. This underlines that the optimal CC technology depends on the
host industrial plant and heat integration possibilities.
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Case Study on Waste-to-Energy Plant
A case with a CHP WtE plant is presented by the collaborating company in this study,
Niras, to test the developed selection matrix tool [Grue and Reardon, 2025]. The objective
of testing the selection matrix tool on this real-world case is to evaluate the penalties on the
WtE plant associated with attaching a CC process. Additionally, comparing these penalties
across the CC technologies to determine which CC technology is optimal for the WtE plant.
Table 7.1 presents the conditions of the WtE plant, including flue gas composition, energy
output, and efficiency.

Table 7.1: WtE plant case data

Flue gas Value Plant outputs Value
CO2 10.3 [vol%] Gross power 19.1 [MW]
O2 7.6 [vol%] Net power 12.3 [MW]
H2O 5.2 [vol%] Process heat 83.5 [MW]
N2 76.9 [vol%] CHP efficiency 99.41 [%]
Temperature 34.2 [°C] Flue gas mass flow 202.5 [tonne/h]
Pressure 1.0 [bar] Fuel power 96.4 [MW]

The flue gas composition and mass flow rate are used to extract the selection matrix KPI
results, utilizing the equilibrium technology models. Figure 7.1 presents the heat map
scores at 90 % CO2 recovery. The colors are again normalized for each KPI to indicate the
worst and best scores.
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Figure 7.1: Heat map KPI scores from WtE flue gas data

The CAP scores best in SPECCA, water make-up, and EWA, indicating the overall optimal
technology for the WtE plant flue gas composition. The O2, N2, and solvent contents align
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with the CO2 quality recommendation, so these are neglected when comparing the three
technologies. Figure 7.2 shows a simplified process flow diagram of the WtE process.
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Figure 7.2: WtE simplified process flow diagram

The waste combustion produces steam for a steam cycle, generating power. After the tur-
bine, with 3 steps, the steam is saturated and condenses to deliver energy to the district
heating. A HP cycle cools a water cycle, which is heated through flue gas cleaning, and
heats the district heating return water to ensure 90 °C delivery temperature for the district
heating network. The HP is attached before the latent heat exchanger to attain a higher
COP. The condensed water is cooled and mixed with approximately a 10 % fraction of
the steam from the T2 turbine step in the deaerator, before being pressurized to generate
steam again. The deaerator serves the purposes of heating the condensed water, venting
non-condensable gases as O2, and having a buffer storage for the water cycle.

The waste boiler, steam-generating heat exchangers, and flue gas cleaning are designed to
generate steam at 400 °C and clean the flue gas to emission approval. These components
are constrained to their design conditions to avoid re-design. The primary product of the
WtE plant is the process heat to deliver district heating. The electricity generation is a
byproduct, why the process heat delivery is constrained. Steam can be extracted before
entering or after exiting the turbine system. These are considered the possibilities for
meeting the hot utility requirements in the CC processes. Table 7.2 presents the stream
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conditions in the numbered water streams on the process flow diagram above.

Table 7.2: Water stream data from WtE plant

Streams 1 2 3 4 5 6 7 8 9 10 11 12
T [°C] 399.9 378.1 121.6 121.6 94.0 64.3 121.4 90.0 59.4 50.1 24.0 34.0
P [bar] 40 30.8 2.1 2.1 0.82 4.3 43.5 11.0 13.41 12.72 2.8 2.2
ṁ [tonne/h] 110.9 109.6 10.9 98.7 99.9 100.7 108.3 1791.3 1791.3 1791.3 1352.4 1352.4

For MEA and CAP, steam must be extracted before the turbine, yet for PCCA, the steam
temperature after the turbine is sufficient. The district heating cycle is a constraint for the
plant designer, why when steam is taken from the process to sustain CC, a gap to cover the
district heating demand occurs. Pinch analyses are performed to investigate the penalty
and new utility requirements obtained by attaching the CC technologies to the WtE plant.
Figure 7.3 illustrates the integration proposed for MEA and CAP.
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Figure 7.3: WtE attached to MEA and CAP technologies process flow diagram

Here, steam is extracted from stream 1 and mixed with water extracted after the district
heating condenser. This expands the steam to the saturation pressure, coinciding with the
reboiler temperature for MEA or CAP. The reboiler exit is water that can deliver heat to
the district heating network. The water cycles are recycled back to the process before the
deaerator to keep the mass balance for steam generation. Figure 7.4 shows the process
flow diagram, integrating PCCA with the WtE plant.
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Figure 7.4: WtE attached to PCCA technology process flow diagram

For the PCCA integration, the steam is extracted after the turbine at the saturation point,
where it is expanded to decrease the saturation temperature. A lower saturation tempera-
ture extends the distance across the saturation curve, hence a greater condensation energy.
The exit water from the reboiler can heat stream 10 before the district heating cycle, before
the condenser. The water is again returned before the deaerator to ensure mass balance in
the steam generation.

Heat and mass balances are performed to quantify the required steam extraction mass
flow for each CC technology integration. These calculations determine the resulting hot
and cold streams associated with sustaining the CC technologies. The identified streams
are incorporated into the pinch analyses to account for the consequence of maintaining
the district heat delivery of the WtE plant. Table 7.3 presents the hot and cold streams
conditions utilized in the pinch analyses based on the calculated heat and mass balances
and process simulations on the WtE flue gas composition and mass flow rate.
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Table 7.3: Pinch analysis data WtE real case

CC plant MEA PCCA CAP
Stream Hot/Cold T1 [°C] T2 [°C] Q̇ [MW] T1 [°C] T2 [°C] Q̇ [MW] T1 [°C] T2 [°C] Q̇ [MW]
Flue gas Hot 34.2 20.0 3.3 34.2 25.0 2.2 34.2 7.0 5.1
Lean stream Hot 121.0 20.0 57.6 78.0 25.0 13.1 134.0 10.0 51.5
Gas desorber Hot 103.0 25.0 8.2 66.0 18.0 9.5 111.0 68.0 2.8
Intercoolers (total) Hot 80.0 35.0 4.0 100.0 35.0 5.8 70.0 35.0 3.2
Rich stream Cold 38.0 103.0 44.7 57.0 66.0 4.5 24.0 129.0 38.5
Reboiler Cold 121.0 121.1 28.1 78.0 78.1 24.8 134.0 134.1 19.9

Integrated Streams
Reboiler steam Hot 123.1 123.0 28.1 80.1 80.0 24.8 134.1 134.0 19.9
Reboiler exit Hot 123.0 64.3 3.2 80.0 64.3 0.7 136.0 64.3 2.8
Steam turbine exit Hot 94.0 64.3 41.3 94.0 64.3 42.6 94.0 64.3 48.2
District heating Cold 59.4 90.0 63.6 59.4 90.0 63.6 59.4 90.0 63.6

The table shows that a reboiler steam hot stream is added to cancel the reboiler demand
from the CC processes. The heat flow difference between the steam turbine exit hot stream
and the district heating cold stream shows the penalty in extracting steam from the WtE
plant to sustain each CC technology. The table values above are utilized to determine
the GCC, HCC, and CCC. Figure 7.5 shows the GCC for each CC technology integration.
An ammonia HP is modeled as presented in Appendix F, yet with different temperature
levels to meet the hot utilities requirements and utilize part of the cold utility of each CC
technology while upholding a global minimum temperature of 2 °C. The remaining cold
utility requirement is cooled by the arbitrary utilities previously defined.
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Figure 7.5: GCC from each CC technology integrated with WtE plant

Each CC technology’s reboiler requirements are met, resulting in GCC figures canceling
out heat flow. The heat flows in the 60-90 °C range are increased due to the district heating
constraint. Yet, the heat flow is highest for MEA, reflecting the greater steam extraction to
cover the reboiler duty. Extracting the steam after the turbine for PCCA shows a greater
hot utility requirement, while MEA and CAP show great heat integration potential for
the district heating demand. This shows the specific case delivering excess heat to district
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heating has greater heat recovery options with MEA and CAP due to the high temperature
levels. Additionally, the hot utility for PCCA is needed at a higher temperature than MEA
and CAP, reflecting the possible heat recovery from the desorber condensers. The heat
flows are further compared in Figure 7.6, showing the HCC and CCC for the integrated
technologies.
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Figure 7.6: HCC and CCC for each CC technology integrated with WtE plant

The heat integration possibility is significant for each CC. The hot and cold utilities are
low compared to the total heat flows, indicating great optimization possibilities for each
CC technology with the WtE plant. The highest net utility is required in PCCA. Yet, it
is worth noting that the PCCA does not affect the WtE electricity production as steam is
extracted afterwards.

Each CC technology integration shows a hot utility requirement in the 60-80 °C range from
the GCC. The beneficial solution for each would be to increase the district heating cycle
temperature before entering the condenser between streams 8 and 10. A HP can cover this.
There is a difference in the hot utility requirement favoring the CAP over MEA and PCCA.

Figure 7.7 presents an illustration of the heat integration of PCCA CC technology to cover
the hot utility requirement with the new HP. This includes a water cycle above and below
the pinch point (60.4 °C). The CC integration for MEA and CAP is found in Appendix G,
yet the illustrated water cycles are similar for PCCA, even as the steam extraction is after
the turbine.
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Figure 7.7: Illustration of HP with water cycle integration to cover updated hot utility demand for PCCA

The figure shows that the condenser and interstage cooler heat exchanges across the pinch
point, why the cooling is divided into two heat exchanges (above and below pinch). The
temperatures above the pinch point can directly exchange heat with the district heating
stream 10. Yet, the below pinch cycles need to be boosted by the new HP. It is worth not-
ing that the cold utility requirements for all three CC technologies are insufficiently met
by the water cycles below the pinch point presented in the figure above. Thus, additional
cooling water is expected for the flue gas cooler, lean solvent condenser, interstage color,
and condenser, except for the CAP due to 68 °C condenser temperature. Additionally, the
CAP needs chilling duty for flue gas and lean stream, why the configuration is even more
advanced practically than presented in Figure G.2 in Appendix G.

The penalties for process heat and electricity production are evaluated under the assump-
tion of linear scaling of turbine performance with respect to mass flow rate. This simpli-
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fication assumes that the inlet and outlet states regarding thermodynamic properties as
enthalpy, temperature, and pressure, remain constant. As a result, the reduction in power
output is solely affected by the decrease in mass flow, not accounting for part-load op-
eration effects or deviations. Additionally, this neglects the potential variation in turbine
efficiencies that typically occurs under off-design or part-load conditions. Practically, tur-
bine efficiency often decreases at lower mass flow rates due to changes in flow velocity
profiles, incidence angles, and Reynolds number effects. These factors may lead to un-
derestimating the electricity penalty, Thus, the energy and process penalties are simplified
penalties associated with the reduced load. Table 7.4 presents the determined penalties for
process heat and electricity output. This includes the PCCA-HP case, which can be driven
separately with an auxiliary penalty due to the high-temperature HP.

Table 7.4: Process heat and electricity penalties from the WtE cases

Process heat output Unit MEA PCCA CAP PCCA-HP
Process heat penalty [MW] 22.0 23.2 15.5 0
Steam condensation loss [%] 37.9 35.9 27.6 0
Updated hot utility requirement [MW] 9.2 15.2 4.5 0
Electrical output
Original net electricity [MW] 12.3 12.3 12.3 12.3
CC process penalty [MW] 2.2 3.4 2.0 10.1
Generation penalty [MW] 8.3 0.0 6.7 0.0
Hot utility HP penalty [MW] 2.0 3.9 0.8 0.0
HP COP calculated [-] 4.7 3.9 5.8 3.8
Updated net electricity [MW] -0.2 5.0 4.8 2.2

The process heat penalty from the original production is greatest for the PCCA process, as
it has the lowest potential for heat recovery due to the desorber temperature. The lower
SPECCA value for CAP reflects the lower steam condensation loss and lower electricity
generation penalty than MEA. The greater HP COP is also a result of this. Thus, MEA is
unfavored over CAP due to higher process penalty and electrical penalty. For MEA, the
updated net electricity becomes negative, resulting in a deficit of electricity from the WtE
plant integration. The integrated PCCA process indicates the lowest updated net electric-
ity, indicating the optimal CC solution for this WtE case. The CAP is a close second due to
the better heat integration option. The PCCA-HP solution without steam extraction shows
a greater integration penalty than PCCA and CAP, indicating that the heat integration pro-
vides more beneficial CC. It is worth noting that these results are based on the electricity
generation penalty can be underestimated due to the assumption of linear scaling between
turbine output and steam mass flow.

In summary, comparing the selection matrix scores aligns well with the trends observed
from the standardized point source cases. The most significant influence on the optimal
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decision comes from the integration of the CC technologies with the WtE plant. This re-
sulted in a shift in ranking from CAP to PCCA, due to the lowest heat integration penalty
on electricity production while meeting the constraint district heating demand of the orig-
inal WtE plant. The CAP imposes the best overall matrix scores and greatest heat inte-
gration possibilities to minimize energy requirements. The PCCA solution imposes no
penalty on the turbine electricity generation part of the WtE plant, resulting in a lower
updated net electricity, even with a greater hot utility requirement than CAP. While the
PCCA and CAP show great promise from the integration standpoint, the selection matrix
tool proves a great comparison framework to interpret the influence of constraints from
the specific plant on how suitable each CC technology is. The district heating constraint
presents PCCA as the favored solution in the WtE plant case.
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Conclusion
This study investigated three mature chemisorption Carbon Capture (CC) technologies for
post-combustion CC, Monoethanolamine (MEA), Potassium Carbonate with Carbonic Anhy-
drase (PCCA), and Chilled Ammonia Process (CAP). Three standardized flue gas composi-
tions were defined from different point sources. These were waste incineration, biomass
combustion, and natural gas combustion. A selection matrix tool was developed systemat-
ically comparing Key Performance Indicators (KPIs) scores across the CC technologies. These
matrix scores were based on adaptable equilibrium process models developed in Aspen
Plus for each CC technology, reflecting a modular CC plant. The flowsheet models were
based on gathered research from the literature. Thus, the process configuration between
the CC sources was similar

A parametric study was performed for each CC technology, testing CO2 recovery and
Specific Primary Energy Consumption per CO2 Avoided (SPECCA). The operating parameters
tested were liquid-to-gas ratio, lean stream temperature, flue gas temperature, and re-
boiler duty. Changing the reboiler duty showed the greatest sensitivity on CO2 recovery
and SPECCA across the CC technologies, followed by the liquid-to-gas ratio. The tem-
perature showed minor variance in performance parameters across the technologies. The
PCCA technology showed limitations in CO2 recovery of approximately 95 %. Conversely,
MEA and CAP indicated 100 % recovery was possible without a significant increase in
reboiler duty. The main takeaway from the parametric studies is the optimal L/G values
determined to be 3.3, 3.9, and 1.7 kg/kg for MEA, PCCA, and CAP, respectively. This
reflects the variations in CO2 absorption capacities between the solvents. The optimal op-
erating parameters were chosen for each CC technology, except for the reboiler duty. This
was chosen as a case parameter.

The selection matrix KPIs were tested on 27 cases based on fixed CO2 recovery from 85
to 95 %. The SPECCA KPI score values were observed as 3.6-3.6, 2.9-4.4, and 2.5-2.8
MJ/kgCO2 for MEA, PCCA, and CAP across the cases, respectively. The Electrical Work
per Avoided CO2 (EWA) scores were approximately constant across the cases for MEA and
PCCA at 0.3 and 0.4 MJ/kgCO2, respectively, yet for the CAP, the flue gas composition
impacted the chiller work, varying the EWA scores from 0.2 to 0.3 MJ/kgCO2 across the
cases. From the case studies, the overall best-scoring technology was deemed the CAP due
to the lowest scores across the tested KPIs. The CAP system was necessary to increase in
complexity by adding a water wash column to meet the recommendations for CO2 qual-
ity. Yet, the water consumption and SPECCA scores indicate a strong advantage over MEA
and PCCA. MEA showed the best robustness across the point sources. PCCA has the worst
score regarding EWA due to the low-pressure desorber resulting in high CO2 compression
work. The selection matrix tool showed that the ranking of each CC technology differs
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from each tested point source, which shows how the tool provides a screening insight into
the CC technologies for a case-specific source.

Heat integration analyses were performed for the 90 % fixed CO2 recovery case for waste
incineration by pinch analyses. Including the influence of temperature levels on minimum
utility requirements in the selection matrix evaluation provided a broader view of the in-
dividual CC technologies, concerning the technologies in post-combustion point sources.
The minimum utility requirements and possible heat utility supplies between the CC tech-
nologies provided heat integration aspects into the evaluation. By incorporating utility
supply options, the overall utility requirement for PCCA was decreased significantly by
implementing a high-temperature Heat Pump (HP), covering the entire hot utility require-
ment. The SPECCA then decreased to 0.0 MJ/kgCO2 for PCCA, while the EWA increased
by 160 % to 1.1 MJ/kgCO2, resulting in a PCCA-HP technology. After including the pinch
analyses, the minimum hot utility requirement showed a value of 3.6, 2.8, 2.5, and 0.0
MJ/kgCO2 for MEA, PCCA, CAP, and PCCA-HP, respectively. The minimum cold utility
requirement was observed to be 5.0, 4.1, 4.8, and 2.1 MJ/kgCO2 for MEA, PCCA, CAP, and
PCCA-HP, respectively. Extending the selection matrix with the heat integration provided
a broader comparison and overview.

The extended selection matrix tool was tested for a real-case waste-to-energy plant pro-
ducing process heat for district heating and the byproduct electricity. Integrating the CC
technologies by steam extraction showed that the optimal solution for the most efficient
heat integration was the CAP, as the hot utility requirement penalty was lower than MEA
and PCCA. Yet, district heating was constrained, and HP configurations were suggested
to meet this constraint. This presented that the PCCA was the optimal CC technology
implementation for this real case, due to the lowest updated net electricity output. The
updated net electricity output was found to be -0.2, 5.0, 4.8, and 2.2 MW for MEA, PCCA,
CAP, and PCCA-HP, respectively. The PCCA-HP omitted steam extraction, yet was unfa-
vored to PCCA and CAP, showing the importance of heat integration on CC. The selection
matrix KPI scores resembled the CAP as optimal due to the best heat integration option
from the lowest SPECCA value, which was also seen from the heat integration analyses on
this real case. Yet, the optimal CC integration showed PCCA based on the district heating
constraint from this case study, due to the highest net electricity output for the tested CC
technologies implemented on the waste-to-energy plant.

The findings from this study showed that the selection matrix, including heat integration
analyses, enabled a multi-criteria evaluation across CC technologies, with an overview of
system performance for each CC technology. The broad overview from the systematic
comparison provides a simple screening process of the CC technologies with the option of
applying specific case constraints, enabling an optimal decision for the process designer.
The technology selection process comes down to a techno-economic evaluation. In con-
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clusion, the tool developed in this study analyzes the CC technology performances from
the perspective of thermodynamic and chemical capabilities and heat integration possibil-
ities, providing insight into which mature technology is optimal for the specific case and
applied constraints.
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Future Work
9.1 Increasing the Selection Matrix Tool Range

The selection matrix developed in this study focuses on post-combustion CC for mature
CC technologies. Yet, the development of other chemisorption CC technologies is slowly
climbing the TRLs towards mature commercial technologies. Thus, the screening capabil-
ity of the selection matrix can be extended, incorporating these technologies when ready,
providing a wider range of technology options and potentially resulting in higher opti-
mality for the governing case.

The selection matrix could even be extended beyond chemisorption CC technologies to ad-
sorption, cryogenic, and membrane CC, yet complexity might result in difficulties in sys-
tematically comparing the technologies as modular CC technologies. Thus, the screening
process might be too complex to keep a broad perspective while observing the individual
CC technology performances.

9.2 Impact of Kinetics on Technology Ranking

This study investigated the thermodynamic and chemical capabilities in equilibrium pro-
cess models. Thus, the kinetics determining the specific sizing of the absorber and desor-
ber are omitted. The kinetics are another aspect of the chemical capabilities determining
the dynamics in CO2 absorption and desorption. The residence time during which liquid
and gas interact is a key factor for absorption and desorption. The absorber and desorber
tower height and diameter will practically be determined by the necessary residence time
to reach a specific CO2 recovery while accounting for the gas and liquid flow rates to avoid
flooding and excessive pressure losses. Flooding causes entrainment, significantly lower-
ing the separation efficiency of the column stages. Flooding occurs when the gas flow
is too high compared to the liquid flow, resulting in liquid being carried with the vapor
instead of countercurrent flow. [Minhas, 2025]

Thus, solvent kinetics significantly impacts the capital investment for each CC technology,
which might shift the ranking based on economic analyses. Yet, the capital investment in
a CC plant is important in the initial design and research phase, operational expenditures
tend to exceed this over the plant lifetime. Thus, the levelized cost of CO2 is vital, as
this is a fast-growing market sensitive to what will happen in the near future concerning
incentives, breakthrough technologies, etc.
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Chapter 9. Future Work

9.3 Impurities Impact on Technology Ranking

The selection matrix KPI scores omit the impact of flue gas impurities such as NOx and
SOx as these were deemed insignificant in system performance regarding CO2 recovery
and energy requirements. Yet, these impurities can be a deal-breaker due to irreversible
chemical reactions. For MEA, degraded products are toxic and require expensive waste
treatment. The flue gas cleaning can be intensified with the penalty being increased cost
for pre-treatment.

The practical impact of the pollutants is necessary to include when designing the process
due to the toxic degraded compounds from the presence of NOx and SOx. The pollu-
tants impact the capital and operational costs, possibly shifting the ranking between the
CC technologies, due to the disposal of the toxic compounds, the risk of corrosion, or
added process complexity to avoid emitting the toxic degraded compounds. Thus, the can
pollutants influence the perspective and possible ranking between the CC technologies.

9.4 Techno-Economic Analysis Impact on Technology Ranking

A techno-economic analysis will determine the optimal CC technology for a given indus-
trial application in the end, when all aspects are included. While the KPIs provide valu-
able insights, they do not quite get the big picture. Techno-economic evaluation integrates
KPIs with the economic aspects as capital and operational expenditures, maintenance re-
quirements, and potential revenue streams. This overview approach allows for a realistic
assessment of feasibility in the specific case with constraints. It also highlights trade-offs
between energy penalties and infrastructure costs. Thus, a technology with higher energy
efficiency may require more complex integration or higher upfront investment. Further-
more, the availability of excess heat, electricity price variation, and incentives can shift
the balance between options. In conclusion, techno-economic analysis ensures that the se-
lected CC solution is both technically and economically sustainable. It is an essential step
in CCUS planning and designing.
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Appendix A

Biomass Flue Gas Composition
The moisture content is assumed to be 42.3 % [DEA, 2018]. Table A.1 presents the weight
percentages from the Phyllis database for a typical sample of fir wood chips.

Table A.1: Fir wood properties based on Phyllis database (wood, fir (#239)). [TNO, 2025]

Properties Unit Value
Carbon [wt.%] 29.06
Hydrogen [wt.%] 3.42
Oxygen [wt.%] 25.04
Nitrogen [wt.%] 0.03
Moisture [wt.%] 42.3
Ash content [wt.%] 0.15

Assuming the ash content is inert in biomass combustion and the excess air ratio is 1.5,
hence 50 % excess air from the stoichiometric combustion. The combustion reaction is
presented in Reaction R-APP1.

C2.42H3.393N0.002142O1.565 + 1.5 · ns (O2 + 3.76 N2) −−→ n1 CO2 + n2 H2O+ n3 N2 + n4 O2 (R-APP1)

n is the stoichiometric coefficient for each compound. The stoichiometric coefficient for air
is 2.551. Solving these coefficients in an algebraic format gives the stoichiometric coeffi-
cients and, hereafter, the molar fraction presented in Table A.2. Additionally, the flue gas
composition is determined, including the moisture in the wood chips.

Table A.2: Stoichiometric coefficients for biomass combustion

Compounds ni Flue gas (wet basis) [vol%] Flue gas (Tsat 60 °C) [vol%]
CO2 2.42 10.93 11.05
H2O 1.697 18.28 17.44
O2 1.275 5.76 5.82
N2 14.39 65.03 65.69
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Appendix B

Cooling Water Temperature Calculations
A hot summer day in Denmark typically reaches 28 °C with a relative humidity of 80 %
[Weather Atlas, 2025]. A cooling tower condenses water from the air. Utilizing a hot Dan-
ish summer day to determine the cooling water temperature helps determine the compres-
sor work needed with the worst-case intercooling temperature.

The dewpoint temperature resembles the cooling water temperature, which is determined
by a psychrometric chart. Figure B.1 illustrates a psychrometric chart constructed utilizing
the EES software tool. [Klein and Nellis, 2017]

Figure B.1: Psychrometric chart for air at atmospheric pressure

On the figure above, a red dot indicates a hot summer day with an air temperature of 28
°C and a relative humidity of 80 %. The blue lines are constructed to indicate the dewpoint
temperature. The condensation point is reached at 24.2 °C, through isobaric cooling of the
air. By this, the cooling water temperature is set to 25 °C to ensure a safe margin.
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Appendix C

Process Model Flowsheets and Iteration Orders
This chapter presents the process flowsheet and iteration order diagram for the equilibrium
models for MEA, PCCA, and CAP, respectively.

C.1 Monoethanolamine Model Flowsheet and Iteration Order

Figure C.1 present the flowsheet of the MEA equilibrium model.

Figure C.1: Process flow diagram of MEA Aspen Plus process model

Figure C.2 is conducted to illustrate the convergence order concerning the loops intro-
duced in the process model and due to the design specification.
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Figure C.2: Iteration order MEA equilibrium model

Here, the tear stream for defining the outer loop is the "LEAN-AB" stream entering the
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Appendix C. Process Model Flowsheets and Iteration Orders

absorber. This stream is initialized with the starting guesses for the CO2 loading and the
MEA concentration. The design specification loops for H2O and MEA iterate simultane-
ously. The solution is found when all loops are converged, ending with the "LEAN-AB"
tear stream where it all began.

C.2 Potassium Carbonate with Carbonic Anhydrase Model Flow-
sheet and Iteration Order

The process flowsheet of the PCCA model is presented in Figure C.3.

Figure C.3: Process flow diagram of PCCA Aspen Plus process model

Just as for the MEA model, a convergence order flowsheet diagram is conducted. Figure
C.4 illustrates the iteration order for the PCCA model.
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Figure C.4: Iteration order PCCA equilibrium model

The loops are similar to the MEA flowsheet, however, no make-up design specification is
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Appendix C. Process Model Flowsheets and Iteration Orders

needed for the solvent K2CO3. No solid form of K2CO3 escapes the system as a result of a
0.0 split fraction in the purge stream ("LEAN-SPL"). The tear stream is still the lean stream
entering the absorber, initialized with a starting guess, yet also the end of the simulation
at a converged result.

C.3 Chilled Ammonia Process Model Flowsheet and Iteration Or-
der

Figure C.5 shows the CAP equilibrium model flowsheet from Aspen Plus.

Figure C.5: Process flow diagram of CAP Aspen Plus process model

The figure above illustrate a difference compared to the MEA and PCCA flowsheets as a
recovery loop for NH3 is added and a CO2 water-wash to eliminate NH3 from the pure
CO2 stream. Lastly, the converging order for the CAP is illustrated in Figure C.6.
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Figure C.6: Iteration order CAP equilibrium model

Another loop is present in the converging order since the CAP includes a loop reflecting
the recycling of captured NH3 back to the lean stream. The make-up water is added in the
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Appendix C. Process Model Flowsheets and Iteration Orders

absorber, not the lean stream. water escapes the system in the cleansed flue gas and CO2

recovery stream. As a result, the design specification for the water mass balance creates
a loop outside the condenser loop to maintain the mass balance for water in the process
simulation.
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Appendix D

Stream Results for 90 % Recovery Case on Waste Incineration Point Source

Table D.1: Key stream data from the MEA process model of 90 % fixed CO2 recovery on waste incineration point source

Stream FLUE-IN FLUE-CD FLUE-ABS LEAN-ABS GAS-ABS RICH-ABS RICH-STR LEAN-STR LEAN-HEX LEAN-VAL MEA-MKUP GAS-STR CO2-REC RTRN-STR CD-COMP CO2-COMP
Temperature [C] 60.0 20.0 20.0 20.0 50.7 41.7 103.9 122.2 46.7 20.0 20.0 103.1 25.0 25.0 35.1 35.0
Pressure [bar] 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 2.0 1.0 1.0 2.0 1.5 2.0 2.6 110.0
Mass Flows [tonne/hr] 76.5 7.4 69.1 251.4 59.4 261.0 261.0 247.9 247.9 247.9 3.5 18.1 13.1 5.1 0.1 13.0
Mole Flows [kmol/hr] 2680.5 412.0 2268.4 10463.5 2158.6 10279.2 10372.5 10272.9 10271.3 10271.3 192.2 580.2 300.9 279.1 6.1 294.9
Molar Fractions [mol%]
CO2 12.20 0.01 14.41 0.00 1.51 0.00 0.90 0.01 0.00 0.00 0.00 50.80 97.80 0.09 0.01 99.81
O2 7.70 0.00 9.10 0.00 9.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O 17.40 99.99 2.40 88.85 11.07 88.01 87.60 88.62 88.67 88.65 99.93 49.16 2.19 99.77 99.99 0.18
N2 62.70 0.00 74.09 0.00 77.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01
MEA 0.00 0.00 0.00 5.38 0.00 0.42 1.88 5.58 5.49 5.48 0.06 0.03 0.00 0.00 0.00 0.00
MEA+ 0.00 0.00 0.00 2.92 0.00 5.81 4.82 2.90 2.94 2.98 0.00 0.00 0.00 0.07 0.00 0.00
H+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MEACOO− 0.00 0.00 0.00 2.74 0.00 5.01 4.45 2.77 2.81 2.79 0.00 0.00 0.00 0.00 0.00 0.00
HCO3

− 0.00 0.00 0.00 0.02 0.00 0.70 0.35 0.12 0.04 0.02 0.00 0.00 0.00 0.07 0.00 0.00
OH− 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CO3

2− 0.00 0.00 0.00 0.08 0.00 0.05 0.01 0.01 0.04 0.08 0.00 0.00 0.00 0.00 0.00 0.00

Table D.2: Key stream data from the PCCA process model of 90 % fixed CO2 recovery on waste incineration point source

Stream FLUE-IN FLUE-CD FLUE-ABS LEAN-ABS GAS-ABS RICH-ABS RICH-STR LEAN-STR LEAN-HEX LEAN-VAL H2O-MKUP GAS-STR CO2-REC RTRN-STR CD-COMP CO2-COMP
Temperature [C] 60.0 25.0 25.0 27.1 63.5 59.3 64.5 78.2 64.3 78.2 25.0 64.5 18.0 18.0 35.1 35.0
Pressure [bar] 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 1.0 1.0 1.0 0.3 0.3 0.3 1.1 110.0
Mass Flows [tonne/hr] 76.5 7.1 69.4 300.2 59.9 309.7 309.7 296.2 296.2 296.2 3.9 18.6 13.4 5.1 0.5 13.0
Mole Flows [kmol/hr] 2680.5 392.7 2287.8 11697.4 2184.5 11506.5 11528.3 11478.8 11478.8 11478.8 218.7 606.1 321.9 284.2 27.0 294.9
Molar Fractions [mol%]
CO2 12.20 0.01 14.29 0.00 1.50 0.00 0.19 0.00 0.00 0.00 0.00 48.57 91.43 0.02 0.00 99.81
O2 7.70 0.00 9.02 0.00 9.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O 17.40 99.99 3.22 73.76 12.12 70.77 70.83 73.26 73.26 73.26 100.00 51.43 8.56 99.98 100.00 0.18
N2 62.70 0.00 73.46 0.00 76.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01
K2CO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 16.29 0.00 16.56 16.53 16.60 16.60 16.60 0.00 0.00 0.00 0.00 0.00 0.00
OH− 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
HCO3

− 0.00 0.00 0.00 3.60 0.00 8.77 8.37 3.67 3.67 3.67 0.00 0.00 0.00 0.00 0.00 0.00
CO3

2− 0.00 0.00 0.00 6.35 0.00 3.90 4.08 6.47 6.47 6.47 0.00 0.00 0.00 0.00 0.00 0.00
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Table D.3: Key stream data from the CAP process model of 90 % fixed CO2 recovery on waste incineration point source

Stream FLUE-IN FLUE-CD FLUE-ABS LEAN-ABS MKUP-H2O GAS-ABS2 RICH-ABS RICH-STR LEAN-ST1 LEAN-PM MKUP-LEA NH3-FRAC LEAN-MX GAS-STR RTRN-STR FLSH-V CO2-REC CD-COMP CO2-COMP
Temperature [°C] 60.0 7.0 7.0 10.0 10.0 38.5 25.6 138.1 143.1 39.0 30.0 38.5 49.0 114.6 68.0 68.0 67.8 35.0 35.0
Pressure [bar] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 10.0 10.0 1.0 1.0 1.0 10.0 10.0 10.0 10.0 10.0 13.5 110.0
Mass Flows [tonne/h] 76.5 8.0 68.5 128.1 2.1 57.6 138.6 138.6 125.4 125.4 0.1 2.6 128.1 15.7 2.6 13.1 13.1 0.2 13.0
Mole Flows [kmol/h] 2680.5 442.8 2237.7 6874.8 118.2 2056.4 6728.6 6728.6 6726.4 6719.3 4.2 151.2 6874.8 412.2 82.9 303.8 303.7 8.8 294.9
Molar Fractions [mol%]
CO2 12.20 0.02 14.61 0.00 0.00 1.57 0.00 0.00 0.11 0.00 0.00 0.00 0.00 77.74 0.26 97.00 96.91 0.02 99.80
O2 7.70 0.00 9.22 0.00 0.00 10.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O 17.40 99.98 1.06 89.23 100.00 6.48 86.87 86.87 90.32 91.10 0.00 0.00 89.07 15.80 37.66 2.87 3.07 99.98 0.18
N2 62.70 0.00 75.11 0.00 0.00 81.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01
NH3 0.00 0.00 0.00 7.42 0.00 0.19 0.43 0.43 6.45 5.48 100.00 100.00 7.61 6.45 0.07 0.12 0.00 0.00 0.00
NH4

+ 0.00 0.00 0.00 1.71 0.00 0.00 6.66 6.66 1.57 1.76 0.00 0.00 1.68 0.00 31.11 0.00 0.00 0.00 0.00
NH2COO− 0.00 0.00 0.00 1.48 0.00 0.00 1.45 1.45 0.52 1.31 0.00 0.00 1.32 0.00 0.45 0.00 0.00 0.00 0.00
HCO3

− 0.00 0.00 0.00 0.08 0.00 0.00 3.98 3.98 1.04 0.28 0.00 0.00 0.27 0.00 30.22 0.00 0.00 0.00 0.00
OH− 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CO3−− 0.00 0.00 0.00 0.07 0.00 0.00 0.61 0.61 0.00 0.08 0.00 0.00 0.04 0.00 0.22 0.00 0.00 0.00 0.00
H+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Appendix E

Selection Matrix Scores for Remaning Fixed CO2 Recovery Cases
Figure E.1 presents all the KPI scores attained from the selection matrix analysis. Each KPI
result is color-scaled with each column, indicating dark blue as the best score and light
blue as the worst for each KPI.
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Figure E.1: Heat map of KPI scores across all conducted cases

As observed in the matrix above, the SPECCA value is lowest for the CAP, with MEA
having the highest. The CAP needs the reboiler duty at approximately 138 °C where MEA
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and PCCA only need heat at 120 and 78 °C, respectively. The SPECCA values show that
CO2 is more tightly bound to the solvent concerning MEA compared to PCCA and CAP.
This reflects the higher heat of absorption for MEA than for PCCA and CAP.

The EWA value shows that the PCCA process requires greater electrical power per avoided
CO2 compared to MEA and CAP. CAP scores lowest in EWA value, even with the electrical
work needed for chiller operation. The compressor power is significantly lower than the
10 bar desorber operation pressure. The solvent make-up, shown in grams per kg CO2

avoided, is greatest for CAP, reflecting the highly volatile NH3 escaping the process, yet
the absolute numbers are significantly small compared to the amount for CO2 captured. It
is worth noting that the solvent make-up for MEA is a magnitude lower than CAP, while
no make-up is needed for the PCCA process, as no escape of the solid K2CO3 is observed.

Water make-up scores show PCCA and MEA require significantly more water make-up
to maintain water mass balance. This is reflected in the absorber temperatures, as higher
temperatures point to higher absolute humidity, hence water escaping with the cleaned
flue gas. As lean stream and flue gas temperature is lower for CAP (10 and 7 °C, respec-
tively), the water make-up necessary is less than that of MEA and PCCA.

The O2 and N2 contents in the captured CO2 are lowest for PCCA than those of MEA and
CAP. This reflects that the Henry constants of O2 and N2 are lower regarding the PCCA
alkaline solvent than for MEA and CAP. Previously explained, the CAP exhibits negligible
impact on CO2 capture, yet for the purity of the CO2 recovered, KPI, CAP scores lowest
among the technologies for this case. Additionally, the solvent content is highest for CAP,
yet each technology scores below the CO2 quality specification of 10 ppm [ABS, 2025] and
aligns with the DYNAMIS recommendations for CO2 quality regarding less than 4 vol%
N2 and below 100 ppm for O2 [SINTEF, 2009].
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High-Temperature Heat Pump
A high-temperature heat pump has been modeled to get an accurate estimate of the in-
serted utility coverage for the PCCA GCC. Table F.1 shows the input conditions and results
from a simple ammonia high-temperature heat pump model.

Table F.1: Ammonia heat pump model inputs and results

Input Unit Value
Condeser duty [MW] 10.0
Hot reservior temperature [°C] 95
Cold reservior temperature [°C] 40
Isentropic compressor efficiency [-] 0.8
Global minimum temperature approach [°C] 2
Results
Evaporator duty [MW] 7.4
Compressor work [MW] 2.6
COP [-] 3.9

The temperatures are assumed constant with the minimum temperature approach of 2 °C.
The important results from the table above are the compressor work, which shows that 10.0
MW of thermal energy can come from 2.6 MW of electrical work. The pressure-enthalpy
and temperature-entropy diagrams for the modelled heat pump are presented in Figures
F.1(a) and F.1(b).

((a)) P-h diagram of ammonia heat pump ((b)) T-s diagram of ammonia heat pump

Figure F.1: Diagrams for ammonia heat pump

The figure above shows that pressure loss is neglected, yet this could impact the COP and
the heat flow necessary for hot and cold reservoirs.
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Heat Integration Illustrations for Waste-to-Energy Case
The heat integrations for MEA and CAP are different due to the temperature levels. The
integration illustration for MEA is seen in Figure G.1.
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Figure G.1: Illustration of HP with water cycle integration to cover updated hot utility demand for MEA

For MEA, the above and below pinch are shown, and the difference from the PCCA is the
steam extraction point. Figure G.2 illustrates the CAP integration with the WtE plant.
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Appendix G. Heat Integration Illustrations for Waste-to-Energy Case
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Figure G.2: Illustration of HP with water cycle integration to cover updated hot utility demand for CAP

Here, the condenser temperature is above the pinch temperature (60.4 °C) and can not be
incorporated in the cooling cycle with the evaporator, yet can deliver greater energy to the
district heating stream, hence the better heat integration option.
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