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Global CO, emission pathways from the IPCC special report ‘Global Warming of 1.5°C’
* Virtually all 1.5 degree pathways involve net-negative global emissions after 2050, as well as a rapid fall in

global emissions

Global total net CO, emissions
Billions of tonnes of CO, per year
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well as in pathways with a high overshoot, CO,
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Other public good, legacy infrastructure that we currently use




Immediate challenges for deployment
o Transition from individual projects to an integrated, resilient CCS infrastructure

o UK industrial clusters face first of a kind challenges
= (Clusters concentrate capture assets for cost and risk reduction
= But clusters also ‘concentrate’ environmental impacts
- Environmental permitting for amine emissions to the atmosphere takes place
on a project-by-project basis
- This prevents ‘strategic planning’ to manage amine emission levels on a
cluster basis and minimise overall costs
"= Limited knowledge of atmospheric chemistry of amines and their breakdown
products
= ‘Cocktails’ of amine emissions in clusters from adjacent plants using different
solvents -> limited knowledge of atmospheric chemistry too



CCS is a system of systems

o Deployment requires synchronicity of production,
operation and investment of Capture, Transport
and Storage

o New ways of operation must be invented to:

o Exploit the interplay between an electricity
grid with renewables and the CO, T&S network

o Utilise synchronous access to zero marginal
cost electricity and zero marginal cost T&S
capacity

o Cope with variability of CO, production
->variable flows in T&S
->variable CO, injection rates

They can be accommodated but must be avoided to
maintain long term injectivity and protect the value of
storage assets

o This requires system thinking to invent a fit for
purpose T&S Network Code

CCUS & Net Zero

Carbon Capture, Utilisation and Storage (CCUS) enables the production of low-carbon power, decbonised heating and ,and
carbon dioxide removal technologies, to prevent/remove CO: from the atmosphere and transport it to safe and secure storage sites.

Ensuring a smooth fransition to Net Zero by 2050.
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Global CO, emission pathways from the IPCC special report ‘Global Warming of 1.5°C’
* Virtually all 1.5 degree pathways involve net-negative global emissions after 2050, as well as a rapid fall in

global emissions
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Make CCS fit for purpose: 100% capture, all the time

Net zero by 2050 is an interim target

The end goal is net-negative, with the magnitude of GHG removal yet to be

determined

15t tranche of CCS projects — 95%+ capture

Capturing - as close as possible to 100% of - all CO, from fossil fuel use

= jnitially creates ‘space’ for harder-to-abate sectors in the 2030-2040s

= displaces the deployment of more expensive GHG removal technology in
the 2040s and beyond

= reduces Total Energy System Costs




150 1000 What is the ‘right’ capture

rate?

148 800 Trade-off between the Marginal Cost of
= —_ CO, Avoided (MCAC) of a CCGT and other
= 8 forms of CO, abatement or greenhouse
2146 600 -E gas removal in the energy system
2 2
2 =)
w144 400 O H-Class CCGT with 35%wt MEA

<T
8 ) 2025 $, US based project costs, construction and fuel
— = prices — using the NETL methodology
-
142 --.===£§==-:-‘ S 200
100% fossil-CO, capture—
140 U Cownden, R., Lucquiaud, M. (2026) Cost-effective ultra-high CO,
capture rates for combined cycle gas turbines with
949%, 96% 98% 100% Monoethanolamine solvent, Under Review

gross-CO, capture rate

Impact of CO, capture rate on the Levelised Cost of Electricity and the Marginal Cost of Avoided CO2 for a CCGT
1x1 H-class CCGT with regenerator reboiler temperature and lean solvent CO, loading of 126°C and 0.15 mol4,/molyea
(blue lines), 131°C and 0.13 mol.y,/mole, (purple lines), and 136°C and 0.11 mol.,,/molye, (black lines).

Capacity factor of 60% and NG price of 10.25 USD/GJ with baseline ATWACC (5.19%).



Engineered Greenhouse Gas Removal in the UK

Waste to Energy with CCS — WECCS
o UK ban on the export of waste
o WECCS is BECCS with an indigenous source of biomass AND with
strings attached:
In post-recycling residual waste, biogenic carbon can no longer
be separated from fossil carbon




Comparative Life Cycle Assessment of two Waste pathways

Figure 3: Global warming potential of WECCS Figure 4: Global warming potential of
(including avoided landfill)
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Newman et al (2025) On the climate-optimal use of waste: Comparing Energy-from-Waste with CCS (WECCS) with Waste-derived Sustainable Aviation Fuels (SAF) in the UK

Context, https://www.oxfordenergy.org/wpcms/wp-content/uploads/2025/11/CM13-On-the-climate-optimal-use-of-waste-resources.pdf

WECCS : Waste to
Energy with CCS
MSW: Municipal Solid
Waste

SAF: Sustainable
Aviation Fuels
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Engineered Greenhouse Gas Removal in the UK

o Maximise climate value of waste

- biogenic CO, in geological reservoirs

- NOT as Cin SAF, returning as CO, to the atmosphere
o Strategic system thinking between two systems: Energy & Waste
-> Revisit the waste hierarchy to recognise the value of WECCS



Engineered Greenhouse Gas Removal in the UK

o UK is a high fuel cost, high labour, high T&S cost environment
o Power BECCS -> energy security
o Yet, because GGR credits dominate revenues, project developers may
‘relocate’ where biomass cost are lower & import GGR credits

o Similar questions arise for DACCS deployment in the UK

o Other countries possess structural advantages for generating cheaper CDR
credits due to abundant land, cheaper renewable energy, onshore storage
with lower costs

o Whitehead Review

‘International purchases of credits generated by DACCS could offer cost

advantages due to lower energy and operational costs overseas’

o Germany seems to follow that model




Journalism for the
energy transition

https://www.cleanenergywire.org/news/
germany-sets-sights-global-carbon-
removal-leadership

Reporting
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09 Jun 2026, 11:33 | Julian Wettengel | Germany

Germany sets sights on global carbon
removal leadership

#Carbon removal

‘Jochen Flasbarth, German state secretary in the environment ministry, highlighted that the adoption of energy-
intensive carbon removal technologies like direct air capture at a large scale would likely happen in other world
regions, where renewable is cheaper to produce.

‘Germany wants to become a global leader in the technologies, but actual production will likely rather happen in
regions of the world with cheaper renewables.’
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Engineered Greenhouse Gas Removal in the UK

o UK DACCS deployment
o Two pathways:
o 1) import credits
o 2) Establish a cost advantage
o Unused T&S capacity?
o Waste heat?
o The above + CoDACCS:

A novel concept where the air capture CO, handling aspects are combined with
point source CO, capture technology

Joel, L., Gibbins, J. Lucquiaud, M. (2026) CoDACCS: combining direct air capture with point source carbon capture and storage for potential cost reductions,
Cell Reports Sustainability, Under Review, manuscript available here: https://chemrxiv.org/doi/pdf/10.26434/chemrxiv-2025-r7vqj
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One example of co-DACCS: Combined capture from the air with conventional post-
combustion capture process
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Schematic of CCGT co-DACCS absorption process. Integrated PCC/DAC process design to achieve
negative life cycle GHG emissions by capturing CO, from CCGT flue gas stream and ambient air.
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Figure 6. LCOE comparison between a CCGT with co-DACCS and BECCS. LCOE versus life cycle GW intensity for 1x1 H-class CCGT with co-DACCS
and low-emission natural gas supply with lean solvent loading of 0.13/0.15 mol,,/mol,,., (purple/blue lines) compared with 0-49%wt biomass co-

firing with coal power generation and gross-CO, capture of 90% (solid green lines) and 99% (dashed green lines). Biomass fuel is hybrid poplar (US
Corn Belt region). (b) LCOE calculated with 250 USD/tCO, credit for net direct CO, removal.



Conclusions: challenges ahead

Immediate challenges for deployment: Cumulative amine emissions in
CCS Clusters

Develop knowledge of the atmospheric chemistry of amines —and
cocktails of amines in clusters

Minimise future costs by addressing CO, flow variability now

New policies to maximise climate value of the biogenic carbon in waste
amongst competing uses

Eliminate residual CO, emissions from CCS operation

DACCS: does it have a future in the UK — maybe with coDACCS — or will
the UK import CDR credits from aboard (and maybe some CO, too)
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