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GGR: Why, when, and where?

Greenhouse Gas Removal, Royal Society and Royal Academy of Engineering, 2017



Some very basic climate math
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BP Statistical Review of World Energy, 2017
IPCC Climate Change 2014 Synthesis Report Summary for Policymakers

Millar et al., Nature Geoscience, 2017

• Cumulative anthropogenic emissions 2340 ± 310 GtCO2
1,2

• Current CO2 concentration ~ 405 ppm
• Remaining budget for 1.5 C ~ 200 - 250 GtCO2

3

• Likely cumulative emissions if net reduction starts 
now ~ 550 – 600 GtCO2

• Bare minimum, we need to remove this “surplus”
• The longer it takes to get to zero, the more we 

need to “remove”



Many paths to 1.5oC…

Source: IPCC, 2018, Global warming of 1.5°C



GGR is part of the solution, not the solution

Minx et al, Environ. Res. Lett., 2018



GGR refers to a portfolio of pathways

Minx et al, Environ. Res. Lett., 2018



Need to distinguish between “offsets” and “removals”



Temporary removals do not solve this problem

Lyngfelt, et al., Int J GHG Con, 2019



What is GGR?

1. Carbon dioxide is physically removed from the atmosphere.

2. The removed carbon dioxide is stored out of the atmosphere in a 
manner intended to be permanent.

3. Upstream and downstream greenhouse gas emissions, associated 
with the removal and storage process, are comprehensively 
estimated and included in the emission balance.

4. The total quantity of atmospheric CO2 removed and permanently 
stored is greater than the total quantity of CO2 emitted to the 
atmosphere.



What is GGR?

ZEP, “Europe needs a definition of carbon dioxide removal”, 2020

Removing CO2 Using CO2 Avoiding CO2

https://zeroemissionsplatform.eu/wp-content/uploads/Europe-needs-a-definition-of-Carbon-Dioxide-Removal-July-2020-2.pdf


What is GGR?

In order to deliver GGR, we need to know:
1. When CO2 removal starts,
2. How much CO2 gets removed, at what rate, and for how long,
3. When the project gets concluded.

This requires
1. Thorough up- and down-stream lifecycle analysis to identify, and 

quantify, potential sources of carbon leakage across the GGR value chain.
2. Baselining background carbon/carbon dioxide levels – this will 

necessarily vary depending on the GGR approach employed.
3. Developing project completion and abandonment protocols and MRV 

plan (to be potentially revised and updated as the project progresses).



Bioenergy with CCS (BECCS)



BECCS system dynamics are important

Fajardy and Mac Dowell, Energy and Environmental Science, 2017



When, if at all, does BECCS become CO2 negative?

Fajardy and Mac Dowell, Energy and Environmental Science, 2017



Does BECCS generate power?

Fajardy and Mac Dowell, Energy and Environmental Science, 2017



Carbon removal efficiency of BECCS

Illustrative carbon removal efficiency diagram for a UK BECCS project using biomass imported from the USA. This 
example assumes 98% CO2 capture. At 90% capture rate, the carbon removal efficiency is reduced to 

approximately 70%. Calculation performed with the MONET Framework



When is a tree like a barrel of oil?



When is a tree like a barrel of oil?



Trees are “distilled” into various fractions…
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Sustainable biomass: seeing the wood for the trees

Production of sustainable biomass for BECCS, biochar, bio-H2-CCS, etc

• Managed afforestation will necessarily increase supplies on inherently sustainable biomass
• Cultivation of bioenergy crops, e.g., ligno-cellulosic, or short-rotation coppice, is also a key option
• Advanced options, e.g., algal biomass also highly promising, though currently low TRL



What does BECCS cost?

Fajardy and Mac Dowell, One Earth, 2020



Direct air CO2 capture and storage (DACCS)



Thinking about DACCS (Climeworks model)

• £44/month = £528/yr for 600 kg of CO2, translates to £880/tCO2, or ~ $1,201/tCO2 at today’s prices
• We do not know about the system LCA here – so this is $1,201 per tonne of CO2 captured, not necessarily removed



Climeworks picture link 
Young, J. et al. ChemRxiv, 2021

Gebald, C. et al. Patent No. WO2014170184A1, 2014
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−A combination of 1-D and 2-D adsorption modeling:
• The 2-D model provides temperature and concentration profiles in 

the x-y plane when heating and cooling is provided by the 
structured tubes.

• The 1-D model is used for other steps where temperature and 
concentration profiles in the x-y plane do not have significate 
effect on the unit performance. 

−Each collector unit houses 1000 kg of Lewatit® VP OC 1065.
−Binary CO2/H2O isotherm from Young et al. (2021).
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Climeworks Unit Modelling​

https://pubdb.bfe.admin.ch/en/publication/download/8643#:~:text=The%20CO2%20obtained%20can%20be,containing%20molecules%20into%20the%20atmosphere.&text=In%20the%20spring%20of%202017,t)%20of%20CO2%20per%20year.


PurchCost Lifetime Lang Fac. CAPEX OPEXfix OPEXvar Source

years

Box 20,000 $/box 25 3 92,400 $/box 4,158 $/year/box Based on Volkswagen Golf

Fan 25 0.89 $/(m3/h) 0.40 $/year/(m3/h) Couper, J. et al. (2012)

Compressor 312,547 $/MW 25 3 1,443,968 $/MW 64,979 $/MW/year Couper, J. et al. (2012)

Electric boiler 20 144,000 $/MW 600 $/MW/year 0.24 $/MWh Grosse, R. et al. (2017) (€1=$1.2)

Sorbent 2,000 $/ton,sorb 4 590 $/ton,sorb/year Our estimate

Energy Variable $/MWh

Towler (2019):
• Installed Cost = PurchCost * Lang Fac.
• Offsite Cost = 0.4 * (Installed Cost)
• Contingency = 0.1 * (Installed Cost + Offsite Cost )
• CAPEX = Installed Cost + Offsite Cost + Contingency 
• Maintenance  = 0.03 * (Installed Cost + Offsite Cost )
• Overhead = 0.65 * Maintenance
• OPEXfix = Maintenance + Overhead

*Cost of heat exchangers is assumed to be neglected.
*$ cost for 2020 and interest rate = 7% are used. 

$=$

Picture source: Link1, Link2

Cost assumptions

https://www.digitaltrends.com/cool-tech/climeworks-carbon-capture-technology/
https://en.wikipedia.org/wiki/Volkswagen_Golf


Global performance: cost based on renewable power



Global performance: Water production 



Some conclusions

1. GGR is not an alternative to mitigation, it is an “and and”.

2. How much we need is going to be a function of how late we properly 
start mitigating/reducing emissions at the global level.

3. There are a portfolio of options for GGR, each with their own unique 
characteristics.

4. No one GGR method is a “silver bullet” – we will likely need a portfolio.

5. In terms of climate repair, the permanent removal of CO2 is key, and 
MRV is essential.

6. We need crystal clarity on taxonomy; removal ≠ use ≠ avoidance.



Some (more) conclusions

7. It is entirely possible to deliver sustainable biomass at scale.

8. It is entirely possible to very badly &*%$ this up.

9. Nobody wants to burn whole trees. This is just insane.

10. With BECCS, need to distinguish between value of dispatchable power 
generation (counterfactual: wind + sync comp + energy storage) and value of 
permanent and readily verifiable carbon removal (counterfactual: DACCS)

11. The cost of BECCS will vary as a function of location and biomass supply chain

12. The UK is in a good place for BECCS owing to existing biomass supply, the 
potential to increase domestic biomass supply, and excellent CO2 storage 
potential in the North Sea (UK should develop this, and seek to provide it as a 
service internationally) 

&*%$ = mess, obviously….



(yet more) Some conclusions

13. DACCS remains an early stage/pilot scale technology.

14. I do not think we know what it costs.

15. It currently appears to cost > $1,000.

16. Pathways to cost reduction are uncertain, but my analysis seems to 
indicate that very low prices are unlikely

17. There is a potential for the co-production of water and CO2 which could 
be interesting…


