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Welcome to Day 2 of 370-CenSARA



Quick Refresher

Capture Transport Utilization Storage
Monitoring 
and Post-
Closure 

Care

CO2 Utilization (CCUS)




Utilization

 Options for Industrial Utilization of CO2? 

 What do we need to convert CO2 to beneficial products?

 CO2 conversion Pathways

 Chemical conversion 

 Thermochemical

 Electrochemical

 Photochemical

 Biological conversion 

 Mineral Carbonation (conversion to sold carbonates)





BEYOND EOR?

Technology Brief, CARBON CAPTURE, USE AND STORAGE (CCUS), UNECE




Plenty of options!

 Great potential to use CO2 as 
feedstock to make a variety 
of materials through:

 Chemical Conversion 
(produces chemicals and 
fuels)

 Biological Conversion 
(produces chemicals, fuels 
and agriculture products)

 Mineralization (produces 
construction materials)

Technology Brief, CARBON CAPTURE, USE AND STORAGE (CCUS), UNECE




There is market for it!

 Current CO2 use is 
~120 million tons 
per year, excluding 
EOR use

 ~2/3 of the total 120 
million tons/year is 
used for making 
urea (subsequently 
produce fertilizers)

Council on Environmental Quality Report to Congress on Carbon Capture, Utilization, and Sequestration, 2021



If you are interested  here is the 
process of making urea

200 C = 473 K

150 atm ~ 152 bar

https://www.chemistryscl.com/advancedlevel/industry/urea/main.html



Notes before we dive deeper………

 Not all utilization routes are considered 
ideal carbon sinks  e.g., converting CO2
back to liquid fuel  CO2 will emit again 
shortly. 

 Among the ideal sinks is utilization for 
making concrete building materials  the 
CO2 will be embedded for a long time 
(permanent sequestration).

 Many carbon utilization routes still require 
a lot of energy input (especially chemical 
conversion).

 If  energy input can be generated from 
renewables (e.g., wind and solar) it can 
reduce the carbon footprint of CO2
utilization

Technology Brief, CARBON CAPTURE, USE AND STORAGE (CCUS), UNECE




Utilization

 Options for Industrial Utilization of CO2? 

 What would be needed to convert CO2 to beneficial products?

 CO2 conversion Pathways

 Chemical conversion 

 Thermochemical

 Electrochemical

 Photochemical

 Biological conversion 

 Mineral Carbonation (conversion to sold carbonates)





ENERGY is what we need





CO2 is highly STABLE molecule “i.e., highly inert”

 This means it does not react on its own 
“some form of energy is needed to 
catalyze CO2 reactions”

 Ok we got that, we know that we need 
energy 

 The questions is what do we need this 
energy for? 





It is all about the C=O bond 

 Need a lot of energy to 
break that bond.

 When that happens, we 
have free carbon atoms to 
use for making so many 
products.

https://scied.ucar.edu/learning-zone/how-climate-works/carbon-dioxide





 The figure shows different chemicals we can make 
from CO2 molecules as the feedstock

 Each reaction has certain energy requirements (for 
example to make aldehydes from CO2 we need to 
supply 100 – 300 kJ per mole of aldehyde made)

 That’s is why it is plus sign (we need to add energy)

 In only one case, we do not need to supply energy -
we actually get energy back  carbonation reaction 
(mineralization to from solid carbonate)  carbonate 
has lower energy levels)

 Red: exothermic reaction (produces energy)

 Blue: endothermic reaction (requires energy)

Let us get a bit more quantitative 




Ok, we agree that we need to supply 
energy for utilizing CO2




How would we supply the energies needed for 
these reactions to take place?

 Thermochemical (heat)

 Electrochemical (electricity)

 Photochemical (photons)

 Catalysts are usually used with any of the above 
sources of energy

 What does the catalyst do?   reduce energy 
demand (we still have to supply energy  but 
lower amounts and we can get the reaction done 
quicker too)

 See the image as an analogy of what catalysts 
do  they make the reactions take other 
pathways that need less energy 

https://www.dreamstime.com/illustration/heisenberg-vector.html





Ok let us discuss the CO2 chemical conversion 
pathways with the aid of those energy sources!





Chemical Conversion of CO2 to make chemicals 
or fuels

 It is all about breaking the CO2 molecule and 
rebuilding new hydrocarbons using the C 
atoms released from CO2:

 Direct pathway (like photosynthesis) 
reactants are CO2 and H2O  break entirely 
both molecules & combine C and H to make 
hydrocarbons 

 Indirect: break only one of the C=O bond (less 
energy need)  this forms CO as intermediate 
and will become the building block for making 
hydrocarbons 

With the 
aid of heat, 
electricity, 
photons 
and/or 
catalysts  

H2 (from water) + Carbon (from breaking the CO2 molecules) + energy + catalyst  hydrocarbons





 The forms of energy to supply to the reaction:

 Thermocatalytic: energy is provided in the form of heat in the 
presence of a catalyst (e.g., noble metals like palladium and 
ruthenium)

 Electrochemical: energy is provided in the form of electricity and the 
reaction take place in electrochemical cells (catalysts can also be 
used on the electrodes)

 Photochemical: solar energy provides the energy needed for the 
conversion (artificial photosynthesis – learning from plants)

 In natural photosynthesis –> enzymes act as the catalysts

 There are hybrid approaches (e.g., combine electrolysis with 
thermocatalytic)

To make methanol for example 




 Note: methanol is just a first step in the reduction of CO2 to 

beneficial products  we can continue further reactions to build 
higher chain hydrocarbons (remove the oxygen atom and keep 
building more carbon chains)

 This requires more energy (heat and catalysis)  highly 
desirable targets are kerosene (C12) and diesel (C18)





Example: electrocatalytic conversion of CO2 (indirect 
conversion route)

O’Mara, Peter B., et al. "Journal of the American Chemical Society 141.36 (2019): 14093-14097.




Utilization

 Options for Industrial Utilization of CO2? 

 CO2 conversion Pathways

 Chemical conversion (some form of energy sources is 
needed to catalyze the reaction – CO2 is highly stable)

 Thermochemical

 Electrochemical

 Photochemical

 Biological conversion

 Mineral Carbonation (conversion to sold carbonates)




Biological Utilization

 Photosynthetic species (e.g. algae) use CO2 as 
their carbon source

 What do we get from growing algae?




Biological Utilization

 What do we get from growing algae?

 Algae could be used for making biofuel

 Algae can become feed for animals

 Algae can be grown in wastewater  contribute to 
treatment and recover nutrients

 Notes: 

 algae produce a lot of biomass per hectare than 
terrestrial crops

 Algae does not need high purity CO2 (capture may 
not be needed)




Utilization

 Options for Industrial Utilization of CO2? 

 CO2 conversion Pathways

 Chemical conversion (some form of energy sources is 
needed to catalyze the reaction – CO2 is highly stable)

 Thermochemical

 Electrochemical

 Photochemical

 Biological conversion

 Mineral Carbonation (conversion to solid carbonates)




Mineral Carbonation
 What is it?

 React CO2 with minerals to produce solid 
carbonates

 Carbonates have lower energy state than CO2 
no energy input for the reaction itself (see Figure)

 Permanent CO2 sequestration:

 In-situ, when we inject CO2 in the ground

 Ex-situ, when we utilize CO2

 The raw materials for mineralization of CO2 are 
abundant (e.g., silicate rocks and a variety of 
industrial wastes)




Here is how the reaction works…..

 Notes:

 M is a divalent metal 
like Ca2+ and Mg2+ and 
Fe2+

 The properties of the 
solid carbonate formed 
(e.g., magnesium 
carbonate or calcium 
carbonate) depend on 
the feedstock metal 
oxide (MO) used

 The CO2 does not 
need to be pure (so 
capture process can 
be omitted)




Potential Feedstock for Mineral Carbonation?

 Magnesium rich-ores (e.g., dunite, 
harzburgite and serpentinite)

 Alkaline mine waste and tailings 
(generated when mining nickel, chrome, 
platinum, diamond, copper , gold, and 
more)

 Alkaline industrial solid residues: 
example, coal fly ash, waste concrete, 
cement kiln dust, paper mill water, MSW 
incineration residues, asbestos waste, 
steel making byproduct (slag)

 Brines (contain substantial amount of 
Ca and Mg  thus, it can work

 The key in all the above materials, they 
have these  metal oxides (e.g., CaO
and MgO) needed for the reaction



Examples of Mineral Carbonation Reactions 

IPCC Special Report on Carbon Capture and Storage, 2005





 Yes, carbon mineralization 
produces heat. But this 
does not mean that carbon 
mineralization in industrial 
processes does not use 
energy  energy is needed 
to run the reactors, pump 
liquids and CO2 into 
reactors, etc.

IPCC Special Report on Carbon Capture and Storage  2005



What products we can get from the 
mineral carbonation?



Mineral Carbonation to Produce Construction 
Materials

 Let us first remember how cement is made  it all 
starts from limestone (CaCO3)

 Options for CO2 utilization in construction materials 
 Indirect utilization (make cement with it): perform a 

mineral carbonation process using any of the 
feedstock  types discussed earlier and CO2 captured 
from any source (even from cement manufacturing 
process)  CaCO3 is generated  that is the raw 
material used in making cement

 Direct utilization (cure concrete with it): CO2 is added 
to concrete during curing - carbon mineralization 
reactions happen  inside the concrete (CaO + CO2) 
the mineralized CO2 incorporated inside the concrete 
mix improves the strength of the mix and even less 
cement can be used in making the concrete
(sequestered permanently)



Concluding remarks

 There are various opportunities 
for utilization of CO2!

 Each conversion process will 
need different system and 
equipment (thinking from an air 
quality compliance standpoint)

 But all processes will need an 
energy source  emissions are 
expected  so these sources 
would follow the regular air 
quality standards/requirements 

Technology Brief, CARBON CAPTURE, USE AND STORAGE (CCUS), UNECE





Capture Transport Utilization Storage
Monitoring 
and Post-
Closure 

Care

That was it for the components of the CCUS! 



Risks & Impacts of CCS Projects

https://www.deepcstore.com/other-ccs-projects



 CO2 Leakage is the main concern

 But why we need to worry  CO2 is not a 
criteria pollutant ()





CO2 Leakage  Endangers USDW (among others) 
(that is the main philosophy behind Class VI well regulations)

 CO2 leaked + H2O  carbonic ACID

 Corrosive and can mobilize metals and 
toxics in the water

 Also if brine leaks from the storage formations 
 it will degrade the quality of the USDW (e.g., 
increases salinity)
 expensive treatment system would be need it to 

make it drinkable again (RO might be the only 
options)

https://www.westech-inc.com/products/reverse-osmosis-system




Who/What will be impacted by the leakage 
of the stored CO2? (i.e., receptors)?

 Atmosphere

 People

 Habitats

 Agriculture land

 Lakes an rivers

 Vadose zone Groundwater

 Deep subsurface microbes

 Tectonic plates movement



Let us now talk about some of the 
potential impacts on those receptors





Receptor of Leaked CO2 Potential Impacts

Atmosphere (itself) ??????

So
ur

ce
: a

da
pt

ed
 fr

om
 E

nv
iro

nm
en

ta
l A

ss
es

sm
en

t f
or

 C
O

2
C

ap
tu

re
 a

nd
 S

to
ra

ge
, I

EA
 

G
re

en
ho

us
e 

G
as

 R
&D

 P
ro

gr
am

m
e,

 T
ec

hn
ic

al
 S

tu
dy

, 2
00

7





Receptor of Leaked CO2 Potential Impacts

Atmosphere (itself) Increase GHG impacts

Agriculture land ?????
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

Receptor of Leaked CO2 Potential Impacts

Atmosphere (itself) Increase GHG impacts

Agriculture land 1) Elevated CO2 in soil can harm plant growth (soil can turn anaerobic and this will 
impact soil microbes)

2) Phytotoxic effects on plants when CO2 > 5%

3) If moisture in soil is high - leaked CO2 will make the water acidic  Impact 
plans and soil microbes 

Vadose zone ?????
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

Receptor of Leaked CO2 Potential Impacts

Atmosphere (itself) Increase GHG impacts

Agriculture land 1) Elevated CO2 in soil can harm plant growth (soil can turn anaerobic and this will 
impact soil microbes)

2) Phytotoxic effects on plants when CO2 > 5%

3) If moisture in soil is high - leaked CO2 will make the water acidic  Impact 
plans and soil microbes 

Vadose Zone CO2 would be in contact with drinking water sources  acidic conditions 
potential release (mobilization) of contaminants depending on the composition of 
soil
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

 Metals are more soluble in 
acidic pH conditions

https://www.hindawi.com/journals/jchem/2013/434012/





Receptor of Leaked CO2 Potential Impacts

Atmosphere (itself) Increase GHG impacts

Agriculture land 1) Elevated CO2 in soil can harm plant growth (soil can turn anaerobic and this will 
impact soil microbes)

2) Phytotoxic effects on plants when CO2 > 5%

3) If moisture in soil is high - leaked CO2 will make the water acidic  Impact 
plans and soil microbes 

Vadose Zone CO2 would be in contact with drinking water sources  acidic conditions 
potential release of contaminants depending on the composition of soil

Lakes and rivers ?????
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

Receptor of Leaked CO2 Potential Impacts

Atmosphere (itself) Increase GHG impacts

Agriculture land 1) Elevated CO2 in soil can harm plant growth (soil can turn anaerobic and this will 
impact soil microbes)

2) Phytotoxic effects on plants when CO2 > 5%

3) If moisture in soil is high - leaked CO2 will make the water acidic  Impact 
plans and soil microbes 

Vadose Zone CO2 would be in contact with drinking water sources  acidic conditions 
potential release of contaminants depending on the composition of soil

Lakes and rivers CO2 leaked into bottom of lakes would be problematic in seasons with low mixing 
conditions  CO2 will build up at the bottom  anaerobic environments occur -
less oxygen will be fatal to living species in the lake

Water acidification is a problem that can happen in both rivers and lakes because 
of CO2 leaks 

Deep subsurface 
microbes

?????????????????????????
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

Receptor of Leaked CO2 Potential Impacts

Atmosphere (itself) Increase GHG impacts

Agriculture land 1) Elevated CO2 in soil can harm plant growth (soil can turn anaerobic and this will 
impact soil microbes)

2) Phytotoxic effects on plants when CO2 > 5%

3) If moisture in soil is high - leaked CO2 will make the water acidic  Impact 
plans and soil microbes 

Vadose Zone CO2 would be in contact with drinking water sources  acidic conditions 
potential release of contaminants depending on the composition of soil

Lakes and rivers CO2 leaked into bottom of lakes would be problematic in seasons with low mixing 
conditions  CO2 will build up at the bottom  anaerobic environments occur -
less oxygen will be fatal to living species in the lake

Water acidification is a problem that can happen in both rivers and lakes because 
of CO2 leaks 

Deep subsurface 
microbes

Poor knowledge about impacts of CO2 on microbes in deep formations

Populated areas ???So
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

Receptor of Leaked CO2 Potential Impacts

Atmosphere (itself) Increase GHG impacts

Agriculture land 1) Elevated CO2 in soil can harm plant growth (soil can turn anaerobic and this will 
impact soil microbes)
2) Phytotoxic effects on plants when CO2 > 5%
3) If moisture in soil is high - leaked CO2 will make the water acidic  Impact 
plans and soil microbes 

Vadose Zone CO2 would be in contact with drinking water sources  acidic conditions 
potential release of contaminants depending on the composition of soil

Lakes and rivers CO2 leaked into bottom of lakes would be problematic in seasons with low mixing 
conditions  CO2 will build up at the bottom  anaerobic environments occur -
less oxygen will be fatal to living species in the lake

Water acidification is a problem that can happen in both rivers and lakes because 
of CO2 leaks 

Deep subsurface 
microbes

Poor knowledge about impacts of CO2 on microbes in deep formations

Populated areas Leaked CO2 can pool close to the ground during periods of low wind at 
concentrations potentially toxic to life (human, animals, and plants) depending on 
concentrations (see next slide)So
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

Lu, H., Ma, X., Huang, K., Fu, L., & Azimi, M. (2020). Carbon dioxide transport via pipelines: A systematic review. Journal of Cleaner Production, 266, 121994




Other receptors….. 

Induced seismicity (impact on earth?)

 Injecting high volumes of pressurized CO2 (specially when Gigatons-scale 
are realized) can induce earthquakes 

 Pressures in the subsurface would increase  the effective stresses on 
geological faults would increase  slips on faults would take place 
earthquakes happens

 Example: several cm of slip on a 1-4 km long fault can cause magnitude 4.0 
earthquake





Examples of seismic activity data from CO2
injection projects 




Let us discuss a few things about CCS project 
risks

Risk (i.e., probability of occurrence of these events/impacts)




Note 1: Leakage can be gradual or abrupt

 The risks and severity of the impacts on receptors will 
depend on that 

 Gradual release through: 

 Faults or cracks in the well components (for both active 
and abandoned wells)

 Abrupt (catastrophic): 

 Well blowout (too much pressure and low permeability) 





Note 2: the levels of CCS projects related 
risks change over the lifespan of the project



Since we mentioned “Risk”  Let us chat a 
little bit about “Risk Assessment”

 Each CCS/Project is different 

 Thus  potential risks are different 

 As a result  Risk Assessment is performed to qualitatively or 
quantitatively describe those risks




Risk Assessment Tools/Frameworks

 The DOE’s Regional Carbon Sequestration Partnerships (RCSP) used three 
types of risk assessment to determine the probability and impact of the tasks 
associated with their CCS projects:

 Qualitative Risk Assessment – develop non-numeric estimates of risks (e.g., high, 
medium, low)

 Quantitative Risk Assessment – develop numeric probabilities of risks

 Semi-Quantitative Risk Assessment – combination of expert opinion and numeric 
evidence 





 Options for Risk 
Assessment tools for 
CCS projects are 
summarized in the table

 Risk assessors model the 
CCS system using one of 
these tools to predict risk 
(quantitatively or 
qualitatively)




 CO2-PENS for example:

 Risk assessment model that uses 
GoldWim (commercially available 
programming software)

 CO2-PENS can be integrated with 
codes developed by other entities

 Feed the model with inputs (e.g., 
storage reservoir characteristics, 
potential release mechanisms, flow 
transport model in porous media, 
potential receptors, etc.)  Output 
results are the Risk Levels



Ok, we conducted Risk Assessment and 
found some high potential risks of certain 
activities

 That does not mean to cancel the project

 It means to put in place risk mitigation 
strategies. Like what? 





IPCC Special Report on Carbon Capture and Storage, 2005





IPCC Special Report on Carbon Capture and Storage, 2005





IPCC Special Report on Carbon Capture and Storage, 2005





IPCC Special Report on Carbon Capture and Storage, 2005





Regulations and Permitting 
of CCS Projects




Permit needed?

 The main one is Class VI permit is needed to construct and operate CO2

injection wells

 Other Environmental permits would also be required for CCS projects: 

 e.g., air quality permits, water quality permits, species and habitat  and 
archeology related permits, and many more

 How to determine the types of environmental permits needed?

 The NEPA (National Environmental Policy Act) review process (if applicable) 
would generate and environmental assessment of the project and determines the 
types of environmental permits needed



So, here are the topics that we will 
discuss for this course module:

 At which stage of the project we need to seek Class VI permits? 

 Class VI permit application (what information that goes into the 
application)

 Examples of other environmental permits that might apply to CCS 
projects

 The NEPA review process 

 Note: the NEPA review is conducted even before the permit applications



Let us get started…..

 At which stage of the project we need to seek class VI 
permits? 

 Class VI permit application (what information that goes into 
the application)

 Examples of other environmental permits that might apply to 
CCS projects

 Discuss the NEPA review process 




CCS Project Phases

Carbon Storage Atlas 5th Edition, DOE’s NETL, https://www.netl.doe.gov/sites/default/files/2018-10/ATLAS-V-2015.pdf



Next…..

 At which stage of the project we need to seek Class VI 
permits? 

 Class VI permit application (what information that goes into 
the application)

 Examples of other environmental permits that might apply to 
CCS projects

 Discuss the NEPA review process 





 A LOT of information needs to be 
submitted  it is a comprehensive permit 
application 





What does a Class VI Permit application 
includes? 

 The application presents detailed evaluation of the:

 Site geology and site characterization data (e.g., groundwater quality, well logs, core samples, 
site maps)

 Well design, construction, operating conditions, monitoring plan, and closure and post-closure 
plans 

 AoR (the region where the USDW is endangered”) and computational modeling results to predict 
CO2 plume transport within the AoR

 Note: the AoR is re-evaluated periodically (every 5 years by default and prior to site closure). The initial 
AoR serves as a benchmark and the purpose of the periodic re-evaluation is to ensure CO2 plume is 
behaving as predicted.

 Corrective action plans 

 Emergency and remedial response plans

 Financial responsibility: For what? 

 To finance corrective action, well plugging and site closure, emergency and remedial responses. This 
ensures that taxpayers will not have to pay for these expenses if the applicant becomes financially 
insolvent




Example





 Example modeling results to show the extent of CO2 plume (plan 
and cross section)



Next…..

 At which stage of the project we need to seek Class VI 
permits? 

 Class VI permit application (what information that goes into 
the application)

 Examples of other environmental permits that might apply to 
CCS projects

 Discuss the NEPA review process 





 This table covers all 
CCS project 
components (capture, 
pipelines, utilization and 
sequestration)

Council on Environmental Quality Report to Congress on 
Carbon Capture, Utilization, and Sequestration, 2021

Air quality regulators would be involved mainly with:
• Air permits for the capture and utilization portion 

of the CCS project  
• Greenhouse Gas Reporting for all four aspects 

of the project (capture, utilization, storage and 
transport




Air Quality Permits Relevant to CCS Projects

 The CO2 capture and 
utilization 
components of the 
CCUS projects may 
require Title V 
permits and New 
Source Review  





Compressors also need permits – Here 
is and example from Pennsylvania 

https://extension.psu.edu/understanding-natural-gas-compressor-stations



The Greenhouse Gas Reporting Program 
(GHGRP)

 GHG emissions from large emission sources, fuel and gas supplies, and CO2 injection 
sites must be reported under the US EPA’s GHGRP. 

 The GHGRP has different subparts that apply to different components of the CCS 
project. 

 Subpart RR: applies to geologic sequestration (not EOR) – the facilities need to report how much 
they sequester

 Subpart PP: applies to facilities that capture CO2 from industrial sources 

 Subpart UU: applies to EOR facilities, acid-gas injection facilities, CO2 storage RESEARCH and 
DEVELOPMENT (not commercial sequestration projects)

 So, in general under this program, facilities report info. on CO2 received for injection, the amount of 
CO2 sequestered, and annual monitoring activities

 The GHGRP data is public data (~8000 facilities in the US have to report GHG data 
every year).



Last…..

 At which stage of the project we need to seek VI permits? 

 Class VI permit application (what information that goes into 
the application)

 Examples of other environmental permits that might apply to 
CCS projects

 Discuss the NEPA review process 




The NEPA Review 

 The National Environmental Policy Act (NEPA) law 
was enacted in 1970

 NEPA requires environmental, economic, social, and 
cultural impact review of projects that involve major 
federal action (e.g. funding, or built on federal land) 

 The Federal agency conducts an Environmental 
Assessment (EA) of the proposed CCS project.




The Department of Energy (DOE) takes the 
lead on NEPA review for CCS projects




Back to NEPA Review process

 The National Environmental Policy Act (NEPA) law was enacted in 
1970

 NEPA requires environmental, economic, social, and cultural impact 
review of projects that involve major federal action (e.g. funding, or 
built on federal land) 

 The Federal agency conducts an Environmental Assessment (EA) 
of the proposed CCS project.

 What does EA do? 

 Evaluates the need for the proposed project

 Identifies and evaluates reasonable alternatives

 Evaluate the environmental, social, economic, and cultural impacts of 
the proposed project




 If the EA concludes that the proposed project has potential  

“significant” impacts  then a more detailed assessment must 
be prepared called “Environmental Impact Statement (EIS) – this 
involves public review of the project

 How is “significant” impact is defined in NEPA? 

 By considering context (i.e., the scope of the proposed action) and 
intensity (beneficial and adverse impact, effect on public health and 
safety, unique characteristics of the geographic area like proximity 
to cultural resources, parkland, or other critical issues, the degree 
to which the effects are likely to be controversial)

 The Council on Environmental Quality (CEQ) oversees NEPA 
implementation



Cost and Technology Readiness of CCUS

Technology Readiness and Costs of CCS, 2021, Global CCS Institute





Capture Transport Storage
Monitoring 
and Post-
Closure 

Care

Cost $??





 There are a lot of cost number out there. 

 The cost data presented hereafter are 
obtained om this 2021 report.

 In any cost estimation study  there are a lot 
of assumptions made to get the costs and the 
cost is always a range (project-specific).




Capture Cost

 NGCC = Natural gas-fired 
combined-cycle plant

 Please see the graph and 
I would ask in the next 
slide that you share one 
observation you have on 
this graph




Capture Cost

 What stood out to me that 
aluminum smelter was on 
a different scale (much 
higher than others) 





Translation   Always look for CO2
partial pressure 





Costs of the rest of the processes: Compression, dehydration, 
Transport, Storage and Monitoring 




Let us add it all up - example scenario (I used 
the average values)

Item $/ton CO2 removed

Capture (NGCC power plant) 80

Compression and dehydration 15

Pipeline transport 15

Storage 10

Monitoring and verification 5

Total $125/ton CO2 removed

• Capturing is the most expensive part  will be much cheaper for 
industry like bioethanol

• These costs do not include the 45Q or LCFS credits 





Here is another cost graph that agrees with the previous 
information (shows the total cost of CCS – not individual 
components)

 NGCC cost is in the 
range of what we 
calculated

 DA-CCS is the 
highest  It is all 
about the CO2

partial pressure





Technology Readiness Level

https://unece.org/sites/default/files/2021-03/CCUS%20brochure_EN_final.pdf




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
Seems like amine-absorption is “so 
ready” as a capture technology 

 I would like to quickly highlight one modification that is picking a lot of 
momentum within that domain.

 It is called “Enzyme catalyzed absorption”





Enzyme catalyzed 
absorption 

 It is still amine-based chemical absorption 
process

 The only difference is that  an enzyme 
(biocatalyst) immobilized on beads is 
placed in the absorber solvent  this 
expedites the hydration reaction (fast rate 
of hydrolysis of CO2 dissolution)  most 
efficient capture  

https://www.hindawi.com/journals/isrn/2012/753687/





Helpful Resources





Council on Environmental Quality Report to Congress on Carbon Capture, Utilization, and Sequestration, 2021









Council on Environmental Quality Report to Congress on Carbon Capture, Utilization, and Sequestration, 2021









Thank You!
aelbadaw@calpoly.edu

mailto:aelbadaw@calpoly.edu
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