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Integrated Assessment 
Models: Limiting warming < 
2oC requires very large scales 
of CO2 injection

Availability of CCS is a leading 
sensitivity of mitigation costs 
in Integrated Assessment 
Models

IPCC 2014 Assessment Report, < 2oC 
IPCC 2019 Special Report, <1.5oC



Storage Resource Distribution

UK
78 Gt

6 Mt yr-1
10 Mt yr-1

8.7 Gt

0.3 Gt

2.3 Gt
7.2 Mt by 2030

2.9 Gt

Norway
94 Gt

Ireland
3.5 Gt
6.1 Mt yr-1

Portugal
7.6 Gt

7 Mt
Spain
14.2 Gt

France

Germany
17 Gt

Czechia
0.8 Gt

Austria
0.5 Gt
8.8 Mt

Italy
6.6 Gt
19 Mt

Romania
9 Gt

Bulgaria
2.1 Gt

9.2 Mt by 2030

Greece

Poland
2.9 Gt
14 Mt yr-1

Lithuania
0.04 Gt

Latvia
0.4 Gt

Sweden
4 Gt

Slovakia
1.7 Gt

Hungary
0.6 Gt

Belgium
0.2 Gt

Netherlands

Denmark
2.8 Gt

0.09 Gt Croatia
Slovakia

UK
UK1: 75 Mt yr-1
UK2: 130 Mt yr-1
UK3: 175 Mt yr-1

EU
88 Gt

EU1: 80 Mt yr-1
EU2: 92 Mt yr-1
EU3: 298 Mt yr-1
EU4: 330 Mt yr-1

European Targets and Storage 
Resource Distribution

Group 1: EU Member state Scenarios 
Group 2: UK Domestic Scenarios 
Group 3: UK + EU Scenarios

Storage rate target 
Cumulative storage target 
Available storage resource

Sources: EU GeoCapacity (2009); ETI (2016); OGCI (2020);
European Commission (2019); Committee on Climate Change (2019);

What growth rates are needed to achieve 
targets?

How much storage resource do we need?

Zhang, Y., Jackson, C., Zahasky, C., Nadhira, A., & Krevor, S. (2022). European carbon 
storage resource requirements of climate change mitigation targets.
International Journal of Greenhouse Gas Control, 114, 103568.



Current models probably 
have implausibly high rates of 
growth in CO2 storage in the 
near-term, to 2050
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Growth Rates

1995 2005 2015 2025

10-1

100
8.6% growth

https://www.iea.org/reports/trac
king-power-2020/ccus-in-power

Models of subsurface resource use
• 20 years annual growth at 8.6% despite lack of 

sustained incentives
• On track for some 2100 cumulative storage targets
• Precedented scale of engineering

Integrated assessment models
• Unconstrained by growth models for 

subsurface development
• Challenging growth trajectories leading 

to “Not on track” assessments

Ringrose, P. S., Furre, A. K., Gilfillan, S. M., Krevor, S., Landrø, M., Leslie, R.,
... & Zahid, A. (2021). Storage of Carbon Dioxide in Saline Aquifers: 
Physicochemical Processes, Key Constraints, and Scale-Up
Potential. Annual Review of Chemical and Biomolecular Engineering, 12.

http://www.iea.org/reports/trac


Combined EU + UK storage scenarios

Consideration of combined constraints from 
limits to growth and storage resource base 
allows rapid identification of plausible 2050 
targets

e.g., a target 92 Mt yr-1 in 2050 is 
conservative, requires <10% annual growth 
and depends on <10% of the resource base

EU targets 
EU1: 80 MtCO2 yr-1

EU2: 92 MtCO2 yr-1

EU3: 298 MtCO2 yr-1

EU4: 330 MtCO2 yr-1

UK targets 
UK1: 75 MtCO2 yr-1

UK2: 130 MtCO2 yr-1

UK3: 175 MtCO2 yr-1Zhang, Y., Jackson, C., Zahasky, C., Nadhira, A., & Krevor, S. (2022). European carbon 
storage resource requirements of climate change mitigation targets.
International Journal of Greenhouse Gas Control, 114, 103568.



Core-to-field reservoir 
characterisation for CO2 

storage

Unexpected plume 
migration often observed at 
large scale injection sites

Sleipner

Otway Cranfield

0.0 0.2 0.4 0.6 0.8 1.0 km

In Salah



We characterised cm-scale heterogeneity on a 60m 
interval of the Captain Sandstone

Jackson, S. J., & Krevor, S. (2020). Small-Scale Capillary 
Heterogeneity Linked to Rapid Plume Migration During CO 
2 Storage. Geophysical Research Letters, 47(18), 
e2020GL088616.

https://www2.bgs.ac.uk/ukccs/accessions/index.html?simpl

eText=krevor#item133945

Figure from: Shell U.K., Peterhead CCS project. Document # PCCS-
05-PT-ZR-3323-00002

Planned injection site for (discontinued) 
Peterhead CCS project, aim to store ≈ 20Mt 
CO2.



Marshall et al. 2017. DOI: 10.1144/PGC8.18

Storage unit - Captain D, lower Cretaceous
Sandstone, 100m thick. Sample of 48 rock
core plugs from depth 2950m – 3050m

Typical North Sea Sandstone:

• Poorly consolidated

• High permeability

• Thin mudstone layers

Figure from: Marshall et al. 2017. DOI: 10.1144/PGC8.18



Exhaustive sample characterisation
> 40 rock cores characterised to develop a “ground truth” for modelling the 
Captain Sandstone

Porosity-depth Permeability-depth Capillary pressure characteristics



Impact 1: Heterogeneity enhances capillary trapping
CO2 accumulates upstream of regions with large capillary 
entry pressure

U

Initial saturation

Pe

low

Pe

high

Residual Saturation (Pore scale)

Final saturation (Pore + capillary heterogeneity)

2



Field scale model



(Pore scale)

(Pore + capillary heterogeneity)

Initial saturation

Residual saturation (Pore Scale)

Final saturation (Pore + Capillary Heterogeneity) 

Analytical model

5-15% more trapping due to heterogeneity

Harris, C., Jackson, S. J.,

Benham, G. P., Krevor, S., & 
Muggeridge, A. H. (2021).
The impact of heterogeneity 
on the capillary trapping of 
CO2 in the Captain 
Sandstone. International 
Journal of Greenhouse Gas 
Control, 112, 103511.



Impact 2: Centimetre-scale layered heterogeneity significantly increases 
plume migration rate
The effect is only present if heterogeneity in the multiphase flow properties –
capillary pressure characteristics, are taken into account

50m



Bentheimer sandstone
(parallel layering)

Bunter sandstone 
(perpendicular layering)

Edwards Brown dolomite 
(isotropic heterogeneity)

(a)

(b)

(c)

Effects on flow depend on the strength of the 
heterogeneity and the orientation

Scaling factor for 
the capillary entry 
pressure

Wenck, N., Jackson, S. J., Muggeridge, A. H., & Krevor, S. (2021). Characterisation 
and Modelling of Heterogeneous Sandstone and Carbonate Rocks. 
https://doi.org/10.1002/essoar.10506366.1

Manoorkar, S., Jackson, S. J., & Krevor, S. Observations of the impacts of millimetre

to centimetre scale heterogeneities on relative permeability and trapping in 
carbonate rocks.Water Resources Research, e2020WR028597.



Jackson, S. J., & Krevor, S. (2020).
Small-scale capillary heterogeneity
linked to rapid plume migration during 
CO2 storage. Geophysical Research 
Letters, e2020GL088616

Small scale heterogeneities 
have leading order field scale 
impacts

Homogenous model reaches
caprock first, heterogeneous
model catches up

Characterising and simulating 
small scale heterogeneity 
across scales essential for 
simulating CO2 storage



Rock core

Storage site

Regional storage resource

Key takeaways
• Models based in the science, engineering, 

and historical development of the 
subsurface should be used to represent CO2 

storage scaleup in energy systems models
• Capillary trapping is significantly enhanced 

by small scale capillary heterogeneity in the 
subsurface

• Plume migration may be enhanced by > 
200% laterally if flow is parallel to layered 
heterogeneities
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