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UK offshore has as 35% of 
CO2  storage for EU 

100 – 200yr duration

Pore space OWNED by Crown Estate Scotland
Mersey 
cluster

NE cluster

Tees cluster

UK storage CO2 charge
€ 10 / tonne CO2             

= € 2 – 5 Bn/yr revenue

CO2 storage 
200yr industry

CO2 storage 2050 
Offshore skills & jobs

UK owns 
35% of EU 

CO2 storage



Injection, flow, monitoring
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CO2 storage micro-pores, to basin
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100 km

Szulczewski et al PNAS 2012

Size scale 
distance  1010

Nanometre to 
hundreds km



Natural analogue: top seal 
mudrock Brae & Miller UK
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Lu et al 2008 Geology
https://doi.org/10.1130/G25412A.1

CO2 dissolved in oil & gas cap  60 M yr
Chemical diffusion caprock 5 metres max

https://doi.org/10.1130/G25412A.1


Natural analogues: Italy
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Roberts et al 2011 PNAS.  
https://doi.org/10.1073/pnas.1018590108

Risk of death CO2 fault seep on land  1/yr in 30 Million  
(nuclear 1 /yr in 1 Million)

https://doi.org/10.1073/pnas.1018590108


Fingerprinting CO2 ownership
Disproof of leakage accusation
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Gilfillan et al 2017 Int J GHG Res  
https://doi.org/10.1016/j.ijggc.2017.05.015

5 miles from injection well. Soil gas Noble gas 4He (left) and 
13C – show mixing with air, ie natural not injected

Romanak et al 2014 Int J GHG Res  
https://doi.org/10.1016/j.ijggc.2014.08.008

δ13CDIC, 3He/4He, 4He/20Ne, 20Ne, 36Ar, 40Ar and Kr. In soil and spring water

https://doi.org/10.1016/j.ijggc.2017.05.015
https://doi.org/10.1016/j.ijggc.2014.08.008
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Secure storage of CO2 in rock
CO2 fills microscopic pores  in sandstone

Slice cut 
through 
rock

Yellow = 
sand grain

Pale blue = 
geological 
salt water

White = 
CO2

Dark blue = 
CO2 
dissolved in 
salt water

Red = new 
crystals 
from CO2



Heterogenous reservoir
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Krevor 2019



Upscaling 
flow from 

pore to core,
reservoir to 

basin

Stuart.Haszeldine@ed.ac.uk Permanent storage for Net Zero, UKCCSRC 6July2021 25Krevor 2019

borehole scale

site scale

20km region scale



Leakage pathways: monitoring
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Original concept Benson 2005



Seismic reflection monitoring: Sleipner
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Seismic reflection 
detection at Sleipner
100 tonnes CO2 from 

20M, ie 0.0005%

Or 50 trees in a forest 
of 10 million trees  



Borehole cement
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Cement + casing 19 yr
Teapot Dome Wyoming                  
Scherer 2004 Princeton

Al2O3-rich Calcium aluminate phosphate (CaP) 
cement made mainly from recycled fly ash

FLEXCEM, Thermalock

EverCRETE Schlumberger 2009 Alkali silica gel 

Normal Portland cement may reacts with CO2, this may 
enable leaks along borehole annulus.

Current and old boreholes may need to be re-cemented



Pressure, Storage 
Efficiency Factor
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Pressure – moves rapidly through 
basin, for tens km

Structure Trap CO2 fills 100% of 
porespace ie 20-30% of the rock 
volume
(minus the residual saturation of 20% 
of the fluid)

Deep Saline Aquifer, CO2 fills 2% of the 
porespace, ie 2% of 30% -
displacement and dissolution

Illinois,  Birkholzer 2009

MPa pressure 
increase



Goldeneye field and Captain sandstone: seismic
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• Two sites A  and B 
in same sandstone. 
45km apart
• Will pressure 
interfere and 
combine ?
• YES

AB

20 km 



Regional pressure management of storage

• 360 Mt CO2 does not physically connect, but the pressure waves do. 

•    2 x 6 Mt/yr x 30 yr, pressure moves down and sideways

• Open underburden boundary, increases storage by 20% in 30yr life

• Understanding connections ensures Site B is not damaged by Site A

• Regulators and Developers need to share information more than h/c
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Storage tonnage is a pathway. Wait for pressure dissipation, inject even more CO2 …

www.sccs.org.uk/expertise/reports/co2multistore-joint-industry-project



Conformance monitoring
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Subsurface remote monitor: pressure, microseismic
Surface: injection rate, groundwater, soil gas 



Speed and security of storage
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Sathaye et al 2014
(‘old’ Bravo Dome, first 5 kyr)

Bonneville et al 2013

Sato et al 2011

Kempka et al 2014
Ozah et al 2015

Pruess & Nordbotten 2011

b

Immediate trapping by capillary isolation
Most CO2 dissolved 200-1,000 yr

98% of injected CO2 retained 
for 10,000 years with 50% probability 
(Alcalde at al  2018 Nature Communications)

CO2 dissolved 200-1,000 yr
Leslie et al 

Petroleum GeoScience 2021

Alcalde et al 2018 
Nature Comms



Flow assurance
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CO2 

capture
Onshore 

pipe
Compressor

Offshore 

installation

Seabed pipe

Depleted gasfield

LOW pressure

Joule Thomson hydrate

Gas 
CO2 ?

Gas 
CO2 ?

Dense 
CO2 ?

Dense 
CO2 ?

Saline aquifer

HIGH pressure

Salt dehydration crystal

Dense 
CO2 ?

CO2 delivery from capture
to reservoir interconnected 

system.
Pressure and temperature 

changes complex.
UK contaminants quality

Turn up / Turn down
Hydrate or Halite ? 

MEG or heater 

(10 MW) or 

slow flow

Water washing



Pace of CO2 storage development
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Rate of storage development
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Haszeldine et al 2018 
Phil Trans Royal Society

IEA projections in ETP 
models impose 
carbon price of $ 100 
to $ 5,000 /ton CO2

IEA Net zero 
projections (2021) 
impose assumption / 
mandate – no price is 
too high

UK CCS rate 5x too 
slow, requires 30-
50Mt/yr 2030

Global CCS rate 100x
too slow- Net Zero 
2150, not 2050



Scaling up EU CO2 storage 2000 - 2050
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70 Gt CO2 UK storage resource 
exists. Converting to EU
commercial reserve means injecting 
50 borehole/yr from 2025

Cavanagh and 
Haszeldine 2021 



UN carbon pathway: global
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Efficiency,
Renewables

Carbon 
REMOVAL

Air Capture

CCS, H2
Switch fuel
Store CO2 

Net Zero



Market: CarbonTakeBackObligation
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DACCS 
price 
range

Add 
(optional) 
emission 
tax for 
fast start

Multiple IPCC future 

scenarios with Carbon tax 

Require extractors and importers of fossil fuels to 
dispose of an annual percentage, initially small 
but increasing to 100% by the time of Net Zero, 
of the CO2 generated by the products they sell.
Includes Scope 1, 2 AND 3 emissions
Analogy to existing WEEE directive (Waste Electrical)

www.carbontakeback.org

Oil and 
gas 

imported

Consum-
ers pay 

for 
products 

Capture

industry 
sells CO2

CO2 
stored

Govern-
ment
makes 
rules

Mandate to 
clean-up CO2

Certificate of 
CO2 storage 

Quick, simple, controllable, low-cost, reliable to 2050



Summary
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1) CO2 storage operates routinely with excellent performance

2) 98% CO2 retained for 10,000 years

3) Techniques and technologies adapted from hydrocarbons

4) Costs must stay low

5) Immense demand – though beyond 2100

6) Mandate not market – provides reliable delivery to 2050 and beyond



Iceland: Direct CO2 injection, mineral storage
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£20-30
tonne CO2

How to scale-up?
How to validate 

storage ?

Carb Fix COST

CO2 already 
separated

No transport

Secure store 

Potential 
capacity 
immense

Single business



Carbon storage by mineralisation
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Rapid reactions, enhanced secure storage
Needs large tonnages of cation rich silicate rock



CTBO
Carbon Take Back Obligation
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1) IPCC pathways to 1.5 or 2.0C warming can still be met, but market pricing (IEA scenarios) means £1,000 -
5,000 /ton CO2 globally

2) The upper cost limit for CTBO is set by DACCS price (including profit)

3) For a quick start to enforce startup of carbon storage (yellow curve), keep the present UK-ETS carbon price 
well above £40/ton, and /or a targeted carbon price support of $110

4) To ensure carbon storage arrives at the 2050 destination, an obligation is placed on fossil fuel extractors or 
providers to store an ever increasing percentage of their annual Scope 1, 2, 3 emissions - starting at 1%, and 
rising to 120% in 2050.  Similar principle to WEEE Directive in Europe

5) That has the effect of creating a carbon storage market - which enables oil company and offshore skills to 
be provided with new work, storing carbon dioxide for the UK, and Europe, beneath the North Sea. This can 
be a Just Transition

Nature Climate Change (Submitted) June 2021
Reliable, rapid and permanent CO2 disposal through a Carbon Takeback Obligation 
Stuart Jenkins[1]*, Eli Mitchell-Larson[2], Matthew C. Ives[3], Stuart Haszeldine[4] & Myles Allen



END
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