
Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267 

E-mail:  tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com  

COMPACT LIGHT-WEIGHT CO2 CAPTURE 

TECHNOLOGIES FOR SMALL- TO MEDIUM-SCALE 

CO2 EMITTERS

A techno-economic investigation 

commissioned by the members of the 

Carbon Dioxide Capture & Conversion (CO2CC) Program 

Client Private 

September 2019 

THE CATALYST GROUP RESOURCES™  



Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267 

E-mail:  tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com  

The Carbon Dioxide Capture & Conversion (CO2CC) Program 

The CO2CC Program is a membership-directed consortium whose members are involved in the development, 

monitoring and utilization of the “state-of-the-art” in technological progress and commercial implementation  

of carbon dioxide capture/clean-up and conversion. By the direction of the member companies (through  

balloting and other interactive means), the program delivers a range of timely and insightful information and 

analyses which are accessible exclusively to members and protected by confidentiality agreements. The  

objective is to document technically and commercially viable options for CO2 capture/clean-up as well as its 

conversion into useful products which meaningfully address the challenges posed by CO2 life-cycle and  

overall sustainability issues. 

Members receive three in-depth CO2CC Techno-economic Reports which are written by leading 

scientists and experienced industry professionals in areas selected by the membership (via ballot); weekly 

CO2CC Communiqués (delivered via e-mail) which provide the latest updates on technical breakthroughs, 

commercial events and exclusive development opportunities; and attendance at the CO2CC Program Annual 

Meeting. 

The Carbon Dioxide Capture & Conversion (CO2CC) Program is available on a membership basis 

from The Catalyst Group Resources (TCGR). For further details, please contact John J. Murphy at 

John.J.Murphy@catalystgrp.com or +1.215.628.4447 (x1121). 

P.O. Box 680 

Spring House, PA 19477 U.S.A 

ph: +1.215.628.4447 

www.catalystgrp.com

mailto:John.J.Murphy@catalystgrp.com
mailto:John.J.Murphy@catalystgrp.com


 | xvii 

CONTENTS 

EXECUTIVE SUMMARY ..................................................................................................... xxiii 
1. INTRODUCTION ................................................................................................................ 1 

1.1 SCOPE AND OBJECTIVE OF THE REPORT ................................................................ 1 

1.2 ORGANIZATION OF THE REPORT .............................................................................. 1 

1.3 SMALL TO MEDIUM EMITTERS OF CO2 .................................................................... 2 

1.4 PROGRESS TOWARDS DOWNSCALING .................................................................... 3 

1.5 AUTHORS AND CONTRIBUTORS ................................................................................ 3 

2. PROFILE OF SMALL TO MEDIUM CO2 EMITTING INSTALLATIONS ............... 5 

2.1 ENERGY ............................................................................................................................ 7 

2.1.1 Sector Description ...................................................................................................... 7 

2.1.2 Flue Gas Sources ........................................................................................................ 7 

2.1.3 Status of Industry-specific CCS ................................................................................. 7 

2.2 COMBINED HEAT AND POWER .................................................................................. 8 

2.2.1 Sector Description ...................................................................................................... 8 

2.2.2 Flue Gas Sources ........................................................................................................ 9 

2.2.3 Status of Industry-specific CCS ............................................................................... 10 

2.3 IRON AND STEEL .......................................................................................................... 11 

2.3.1 Sector Description .................................................................................................... 11 

2.3.2 Flue Gas Sources ...................................................................................................... 11 

2.3.3 Status of Industry-specific CCS ............................................................................... 12 

2.4 CEMENT .......................................................................................................................... 13 

2.4.1 Sector Description .................................................................................................... 13 

2.4.2 Flue Gas Sources ...................................................................................................... 13 

2.4.3 Status of Industry-specific CCS ............................................................................... 14 

2.5 PULP AND PAPER ......................................................................................................... 15 

2.5.1 Sector Description .................................................................................................... 15 

2.5.2 Flue Gas Sources ...................................................................................................... 15 

2.5.3 Status of Industry-specific CCS ............................................................................... 16 

2.6 REFINERIES ................................................................................................................... 16 

2.6.1 Sector Description .................................................................................................... 16 

2.6.2 Flue Gas Sources ...................................................................................................... 16 

2.6.3 Status of Industry-specific CCS ............................................................................... 17 

2.7 CHEMICAL INDUSTRY ................................................................................................ 18 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



xviii |  

2.7.1 Ethylene .................................................................................................................... 18 

2.7.2 Ethylene Oxide ......................................................................................................... 19 

2.7.3 Hydrogen .................................................................................................................. 20 

2.7.4 Ammonia .................................................................................................................. 21 

2.7.5 Natural Gas Processing ............................................................................................ 22 

2.7.6 Ethanol ..................................................................................................................... 22 

2.8 SUMMARY ..................................................................................................................... 24 

2.9 REFERENCES ................................................................................................................. 27 

3. CAPTURE TECHNOLOGIES FOR COMPACT LIGHTWEIGHT CO2  
SOURCES............................................................................................................................ 33 

3.1 CAPTURE METHODS OVERVIEW ............................................................................. 33 

3.1.1 Post-combustion Capture ......................................................................................... 34 

3.1.2 Pre-combustion Capture ........................................................................................... 42 

3.1.3 Oxy-fuel Combustion ............................................................................................... 47 

3.1.4 Direct Air Capture (DAC) ........................................................................................ 52 

3.1.5 Commercial Progress and Report Focus .................................................................. 54 

3.2 LIQUID BASED CAPTURE ........................................................................................... 55 

3.2.1 Aker Solutions/SINTEF Solvit ................................................................................. 55 

3.2.2 Compact Carbon Capture ......................................................................................... 56 

3.2.3 C-Capture ................................................................................................................. 57 

3.2.4 HTC CO2 .................................................................................................................. 59 

3.2.5 Precipitating Solvents ............................................................................................... 60 

3.2.6 Carbon Engineering DAC ........................................................................................ 64 

3.2.7 Applying Traditional Processes at the Smaller Scale ............................................... 66 

3.3 CRYOGENIC CAPTURE ............................................................................................... 66 

3.3.1 Air Liquide CryoCAP™ .......................................................................................... 66 

3.3.2 SES CCC .................................................................................................................. 68 

3.4 SOLID BASED CAPTURE ............................................................................................. 70 

3.4.1 Traditional PSA and VSA ........................................................................................ 70 

3.4.2 Adsorption-based DAC ............................................................................................ 72 

3.4.3 Chemical Looping .................................................................................................... 74 

3.5 STRUCTURED ADSORBENTS AND MEMBRANES ................................................ 79 

3.5.1 Inventys VeloxoTherm ............................................................................................. 79 

3.5.2 SINTEF MATESA ................................................................................................... 81 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



 | xix 

3.5.3 PCI Microlith® ......................................................................................................... 83 

3.5.4 Air Liquide HFM ...................................................................................................... 85 

3.5.5 MTR Polaris ............................................................................................................. 86 

3.5.6 SINTEF Membranes ................................................................................................. 88 

3.6 CAPTURE SUMMARY AND COMPARISON ............................................................. 90 

3.6.1 Liquid Based Capture ............................................................................................... 90 

3.6.2 Cryogenic Capture .................................................................................................... 91 

3.6.3 Solids Based Capture ................................................................................................ 91 

3.6.4 Membranes and Structured Adsorbents ................................................................... 92 

3.7 OVERALL PROGRESS AND REMAINING HURDLES ............................................. 92 

3.8 SUMMARY ..................................................................................................................... 94 

3.9 REFERENCES ................................................................................................................. 95 

4. INDEX ............................................................................................................................... 103 

 

FIGURES 
Figure 2.1 Global direct CO2 emissions by sector ................................................................ 5 

Figure 2.2 US point source emissions by sector in 2017 in Mt-CO2/yr, excluding  
power plants ........................................................................................................ 6 

Figure 2.3 US CO2 emissions by point sources by size ........................................................ 6 

Figure 2.2.1.1 Overview of CHP technologies ........................................................................... 9 

Figure 2.3.2.1 CO2 emissions of exemplary blast furnace steel plant by equipment ............... 12 

Figure 2.3.2.2 Steel plant with CO2 sources ............................................................................. 12 

Figure 2.4.2.1 Cement plant process diagram .......................................................................... 14 

Figure 2.6.2.1 Process schematic and CO2 sources in a refinery .............................................. 17 

Figure 2.7.6.1.1 Ethanol plants and CO2 pipelines in the US ...................................................... 23 

Figure 2.8.1 Point source emissions by size, > 0.1 million t-CO2/yr, for industrial  
emitters in the US .............................................................................................. 24 

Figure 2.8.2 Point source emissions by size, > 0.1 million t-CO2/yr, for power plants  
in the US ............................................................................................................ 25 

Figure 3.1 Main processes for CO2 capture ........................................................................ 33 

Figure 3.1.1.1 Process flow diagram of the Shell Cansolv process .......................................... 35 

Figure 3.1.1.2 General process flow diagram of a 4-bed VSA process .................................... 38 

Figure 3.1.1.3 Basic process flow diagram of a two-stage membrane process for  
low-pressure feeds ............................................................................................. 40 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



xx |  

Figure 3.1.1.4 Process flow of a cryogenic CO2 separation process based on multistage 
compression and cooling ................................................................................... 41 

Figure 3.1.2.1 Representation of typical hollow fibre membrane module used for H2 
separation. ......................................................................................................... 44 

Figure 3.1.2.2 Single stage cryogenic separation process for pre-combustion capture with 
sufficient condensables in the feed .................................................................... 45 

Figure 3.1.2.3 (a) Single stage cryogenic separation process for post-combustion capture  
with H2 product expansion. (b) Single stage cryogenic process for pre-
combustion capture with external refrigeration ................................................ 46 

Figure 3.1.3.1 Basic process flow of a gas-product air-separation unit (ASU) ........................ 49 

Figure 3.1.3.2 Potential implementation of ITM based oxy-fuel combustion NGCC plant .... 51 

Figure 3.1.4.1 Prediction of capture costs from a range of industrial sources (coloured 
symbols), and power generation (black circles) for low and high flow rates ... 54 

Figure 3.2.1.1 Illustration of Aker Solutions Just Catch system .............................................. 55 

Figure 3.2.2.1 Proposed implementation of Compact Carbon Capture plant ........................... 57 

Figure 3.2.4.1 Comparison of HTC’s formulated solvent (FS) relative to MEA over a  
range of criterion. .............................................................................................. 59 

Figure 3.2.4.2 Illustration of HTC CO2 Systems LCDesign™ CO2 capture plant ................... 60 

Figure 3.2.5.1 Process flow diagram of precipitating amino acid based CO2 capture  
process ............................................................................................................... 61 

Figure 3.2.5.2 Shell’s precipitating carbonate CO2 capture system ......................................... 63 

Figure 3.2.5.3 Process flow diagram of the precipitating K2CO3 UNO MK 3 process ............ 63 

Figure 3.2.6.1 Process flow diagram of the Carbon Engineering hybrid DAC process ........... 65 

Figure 3.3.1.1 Left: cryogenic section of Port-Jérôme CryoCAP™ H2 plant; right: CO2 
dehydration and purification section of the plant .............................................. 66 

Figure 3.3.1.2 Top: overall process flow of Port-Jérôme CryoCAP™ H2 plant; Bottom: 
process flow of CO2 treatment plant to meet food-grade requirements ............ 67 

Figure 3.3.2.1 Process flow of SES CCC-CFP process ............................................................ 69 

Figure 3.3.2.2 Left: ‘solids compressor’ employed in the SES CCC; right: CO2 extrusion  
and subsequent melting ..................................................................................... 69 

Figure 3.3.2.3 Process flow of SES CCC-ECL process ........................................................... 70 

Figure 3.4.1.1 Block flow diagram of Air Products’ CO2-EOR pre-combustion capture  
facility at their Port Arthur refinery, Texas ....................................................... 71 

Figure 3.4.2.1 Cartoon representation of Climeworks DAC process ....................................... 73 

Figure 3.4.3.1 Basic PFD of a CLAS process .......................................................................... 75 

Figure 3.4.3.2 PFD of a 150 kWth CLC process ....................................................................... 76 

Figure 3.4.3.3 PFD of an integrated CLC-IGCC process ......................................................... 76 

Figure 3.4.3.4 PFD of a proposed syngas-based CLHG process .............................................. 77 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



 | xxi 

Figure 3.4.3.5 Basic PFD of a post-combustion CaL process for power generation ................ 78 

Figure 3.4.3.6 Basic PFD of CaL process integrated with clinker production ......................... 78 

Figure 3.5.1.1 Illustration of Inventys’ VeloxoTherm™ device for rapid TSA processes ...... 80 

Figure 3.5.1.2 Images of the steps involved in forming the structured adsorbent used  
in the VeloxoTherm™ process .......................................................................... 81 

Figure 3.5.2.1 Overview of monolith production process ........................................................ 82 

Figure 3.5.3.1 Scanning electron microscopy (SEM) micrograph of the zeolite coated  
metal mesh ......................................................................................................... 83 

Figure 3.5.3.2 Bench-scale PCI Microlith® CO2 adsorption module, 30 cm ruler for scale ... 84 

Figure 3.5.4.1 PFD of Air Liquide’s cryogenic HFM CO2 capture process ............................. 86 

Figure 3.5.5.1 PFD of MTR Polaris post-combustion capture process for partial CO2  
capture ............................................................................................................... 87 

Figure 3.5.5.2 Illustration of proposed containerization of MTR Polaris post-combustion 
capture process .................................................................................................. 88 

Figure 3.5.6.1 Reaction scheme for the production of one POLYMEM membrane  
consisting of Jeffamine® and pentaerythritol triacrylate (PEG3A) .................. 89 

Figure 3.5.6.2 Mid-block sulfonated polymer used in the fabrication of ionic liquid 
incorporated membranes ................................................................................... 89 

Figure 3.5.6.3 Reaction scheme of PEGDA-TAEA cross-linked membranes ......................... 90 

 

 

TABLES 
Table 2.8.1 Overview of Stationary Emissions Sources (all numbers approximate) ......... 26 

Table 3.1.1.1 Physico-chemical Properties of Some Common Adsorbates, Listed in 
Ascending Order of Physisorption Strength .................................................... 36 

Table 3.1.2.1 Boiling Points in Kelvin of Typical Compounds Present in Pre-Combustion  
Capture Streams at 1 Bara and their Critical Pressures .................................... 45 

 
  

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.




