
CO2 capture

Prof. Dr. Earl Goetheer



2 | towards a CO2 neutral industry



3 | towards a CO2 neutral industry

1912 !!



4 | towards a CO2 neutral industry

óôHumanactivity, by

using coal and gasoline,

is creating carbon

dioxide. In case this

theory (greenhouse

effect) is correct, this

means that we are not

going to have strong

winters anymore and

that summers will

gradually get warmerôô.
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MAIN CO2 CAPTURE TECHNIQUES
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CO2 CAPTURE ROUTES: 

CLASSIFICATION

Post-combustion capture: separation CO2-N2

Pre-combustion capture: separation CO2-H2

Oxyfuel combustion (Denitrogenation): separation O2-N2

Goetheer

Introduction to CCS
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Post-comb.

(flue gas)

Pre-comb. 

(shifted syngas)

Oxyfuel comb.

(exhaust)

p (bar) ~1 bar 10-80 ~1 bar

[CO2] (%) 3-15% 20-40% 75-95%



POST COMBUSTION CAPTURE

Goetheer

Introduction to CCS
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Key-numbers:

Penalty points: ~11%

Extraction of steam: >60%

Electricity compressors: >30%

Electricity blowers: >5%

Cost of electricity increases 

by 60-80%
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Mass transfer equipment



ROAD: MPP3

14 | Aerosol emission
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BELLINGHAM ECONAMINE FGSM AERIAL VIEW

The plant design was based on

air cooling only, hence the large bank of air coolers.
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Challenges Post-combustion Capture
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Process



09 January 201820 | Mobile CO2 capture plantEnergy Environ. Sci., 2018, 11, 1062-1176

https://doi.org/10.1039/1754-5706/2008


09 January 201821 | Mobile CO2 capture plantEnergy Environ. Sci., 2018, 11, 1062-1176

https://doi.org/10.1039/1754-5706/2008


WTE SECTOR CCU PROJECTS

2019.04.24-Carbon-Cafe

2014
Twence

3 kt/y

NaHCO3

2018
HVC pilot

4 kt/y

LCO2

2019
AVR Duiven

50 kt/y

LCO2

2020 - 2021
AVR Rozenburg 250 kt/y (Linde)

HVC Demo 75 kt/y (Linde)

AEB 500 kt/y (Linde)

Twence 100 kt/y (Aker)

all LCO2

2022 

1 Mt/y

CCU

2030 

2 Mt/y

CCS

Replaces 0,5 billion cubic 

metres of natural gas
2/3 of the CO2 is biogenic
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AVR DUIVEN

2019.04.24-Carbon-Cafe

Engineering, Procurement and Construction

Distribution of liquid CO2 to greenhouses

Solvent: 

30wt% 

MEA

(flexible)
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TWENCE

2019.04.24-Carbon-Cafe

Existing 4 kt/y CO2 capture unit Basic engineering ready 100 kt/y

Aker proprietary solvent

Solvent: 

flexible
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OXYFUEL

Goetheer

Introduction to CCS28



HISARNA
HIsarna concept is based on a smelting iron reduction process

14-9-2012



14-9-2012



PILOT HISARNA

14-9-2012



PRECOMBUSTION

Goetheer

Introduction to CCS
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Steven Lak

voorzitter

H-vision
Blue hydrogen for

a green future



The H-vision project

Goal

Å Large-scale production of blue hydrogen to achieve a step change in emissions in the Rotterdam 
port area to help realise climate goals 

Approach

Å Sixteen parties from the Rotterdam port area are working together to investigate the feasability of 
the production and application of blue hydrogen in the industry

Å Positive outcomes of a pilot will result in a substantial project for large scale supply of blue 
hydrogen before 2030

Å The sixteen participants represent the full hydrogen chain: from production to end -users

Potential CO 2-reduction

Å 2 million tons in 2025, ascending to 6 million tons per year in 2030



Grey hydrogen Blue hydrogen Green hydrogen

Divide natural gas 
into  CO2 and 

hydrogen

Divide natural gas 

into  CO2 and 

hydrogen 

Residual gasses also 

in H-vision scope

Convert water into 

hydrogen by 

electrolysis powered 

by wind and sun

CO2 emitted in the 

atmosphere 

CO2 stored or re-

used
No CO2 emitted

Link H-vision with 

Porthos project for 

storage under the sea

GREY, BLUE AND GREEN
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Illustration 
demonstrates the 
impact levels from 
emissions by the 
three different 
qualities of 
hydrogen. 

Shaded area 
demonstrates the  
CO2 reductions that 
can be achieved 
with blue hydrogen 
in the short term. 

H-VISION SIGNIFICANCE

Grey hydrogen Blue hydrogen Green hydroge

ÅIncrease of grey hydrogen leads to incease of 
green house gasses 

ÅGreen hydrogen is climate neutral. To generate 
the required amounts of green hydrogen, more 
green electricity is needed than will become 
available in the coming decades

ÅLarge scale blue hydrogen usable before 2030

ÅSubstantial impact on the carbon budget

ÅLike in a bathtub, the atmosphere will be 
filled with green house gasses

ÅIPCC recent climate report: within the 
current  trend, if we want to remain within 
the 2°C goal the world only has 25 years of 
carbon budget left



ÅBy speeding up CO2-reductions H-vision 
accelerates the energy transition 

ÅPotential CO2-reduction of 2 million tons 
in 2025, ascending to 6 million tons 
annually in 2030

ÅBlue hydrogen paves the way for the 
infrastructure needed for green 
hydrogen and installations of end-users 
(no lock-in)

ÅH-vision plants provide a back-up 
system within a large scale green 
hydrogen economy

ACCELERATOR AND PIONEER



Å With blue hydrogen, substantial reductions in CO2-emissions can be achieved quickly and cost 
efficient

Å CO2 abatement for H-vision is part of the feasability study 

Å Studies blue hydrogen: 

Å 110-150 ú/tons CO2 (Sintef)

Å 110-130 ú/tons CO2 (Berenschot and TNO)

Å 140 ú/tons CO2 (studie òWaterstofroutes Nederlandò)

Å Studies green hydrogen: 

Å nearly 700 ú/tons CO2 (CE-Delft)

Å Results of the feasability study will provide more clarity on the costs for H -vision, early 2019

BLUE HYDROGEN COSTS



PORTHOS (ROTTERDAM)

https://rotterdamccus.nl/en/

2019.04.24-Carbon-Cafe39

https://rotterdamccus.nl/en/


AIR CAPTURE
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CAPTURE OPTIONS 
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Some examples mentioned in literature related to air capture

Clime workx

Crucial is modularisation and 

creating low energy consuming air flow through the capture devices
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48 Joule 2, 1573ï1594, August 15, 2018
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OUR APPROACH



1
Electrodialysis route to Formic acid & NaOH

NaOH+CO2Ą NaHCO3

NaHCO3+ H2Ą NaFa

Formic acid +NaOH

Electrodialysis

-Multiple papers with homogeneous catalysts

-At least one paper with heterogeneous catalyst

Power: 0,88 kWh /acid

Membraan: 0,08 ú / kg acid

Electrodes/maintenance 0,01 ú/ kg acid

(Bailly 2002)

Formic acid price (85%): 0,55 ú/kg

Ą 100%: 0,64 ú/kg

(https://www.icis.com/resources/news/2006/07/26/

2015258/chemical-profile-formic-acid/ )

HCO3- +H2 

ĄHCO2- +H2O

Change of standard Gibbs energy is 

+3.62 kcal/mole.

Ą High H2 pressure needed (74.7% 

yield, 23h (!), 70 , 60 atm H2 

pressure)

Ą Pd on C catalyst

(Wiener 1988)

https://www.icis.com/resources/news/2006/07/26/2015258/chemical-profile-formic-acid/


2 Sodium formate to oxalate to CO

NaOH+CO2 Ą NaHCO3

NaHCO3+ H2 Ą NaFa

Oxalate

C

O

- Conversion to Oxalate is preferred at 350-400  

(otherwisealkali metal formatewill go to carbonateand

eventuallyCO2

2HCOOMĄM2C2O4+H2

- Oxalatedecomposesto carbonate& CO

M2C2O4ăĄM2CO3+CO

- Nitrogenatmospheregivesoxalate, oxygenatmosphere

givecarbonate.

(Meisel 1975)

Valid for

lithium, 

sodium, 

potassium, 

rubidium & 

caesium 

formates



DECARBONIZED HYDROGEN PRODUCTION

Who: Rajat, Marco, Willem, Hans, Arjen, Earl.

Ar

CH4

H2

CH4

+ H2 separation



CO2 UTILISATION



EXAMPLES OF CO 2 CONVERSION PRODUCTS

Chart source: ñCarbon capture and utilization in the green economy,ò Center for Low Carbon Futures, 2011 
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CONVERSION TECHNOLOGIES

57 | Aerosol emission

1. Catalytic Hydrogenation

2. Direct Electrochemical

3. Polymerization

4. Biochemical

5. Mineralisation

Electrification



Poweredby: TNO & ECN

0.9 GW (2016) Ą 4.5 GW (2023) Ą 250? GW (2050)
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26-6-2019Z. She et al, Science, 355 (2017) 



C1 CHEMISTRY: FUTURE VISION

12 December 201760 | CCUS in the cement industy


