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Introduction

• Injecting carbon dioxide into reservoirs has 
been undertaken since the 1930s

• Mainly for EOR

• Not seen as climate related

• Interest in CCS has increased exponentially 
with the recognition of the impact of 
climate change

• 15+ countries actively pursuing CCS 
projects right now, tho’ many at pilot stage

• Few successful large-scale projects

• Currently no clear system of carbon credits 
to fuel these projects

26+ ongoing CCS projects in Alberta

NOTE: references 
available upon request

Project Status
Ongoing Technical



How to sequester CO2

• Need to separate, transport and inject CO2

• Four methods of sequestration:

• Structural and stratigraphic trapping

• Residual gas trapping, where CO2 bubbles are left 
trapped in the pores of the rock as CO2 and water 
flows through the reservoir

• Solubility trapping, the process in which CO2

dissolves into the saline water or brine in the 
reservoir rock

• Mineral trapping, which occurs as CO2 dissolved in 
the native water reacts with minerals and other 
dissolved constituents to form new carbonate 
minerals

• Risks include:

• Leakage (structural and through existing wells)

• Pressure build up

• Contamination, etc.



Storage options

• Saline formations

• Porous rocks deep underground containing salt 
water

• Immense capacity

• Depleted oil and gas fields

• Established trapping and storage characteristics

• Available geological data

• Enhanced oil recovery

• Injecting CO2 into oil reservoirs is a common 
practice

• Can counteract emissions from oil produced or 
even lead to net negative emissions

Timescales for 
achieving full 
efficiency

Worldwide capacity for CO2 disposal

Coal 15-200 Gt (gigatonnes) CO2

Oil and gas reservoirs 675-900 Gt CO2

Deep saline aquifers >1000 Gt CO2

Current global emissions 25 Gt/year



Requirements for CCS

• A thick, laterally extensive reservoir

• Burial depth of 1 to 4 km to ensure that CO2 
is supercritical (semi fluid), making it easier 
to inject

• Sufficient reservoirs properties for injection: 
porosity 5 to 7% and perm 10 to 50 mD

• An excellent top seal

• Tectonically quiescent

• Cost of CCS is at about a 40% premium 
compared to doing nothing

• So requires a CCS grant to break even

CCS at the Sleipner Field, Norway

Acid gas injection sites, Alberta

Variation of CO2

density with depth 
of injection



CO2 sequestration facilities, projects and opportunities

Location of sites where activities relating to CO2 storage are planned or in progress



Canada



CCS potential in North America

Blue areas have CCS potential; red is where oil and gas have been produced



QUEST, Alberta: Basal Cambrian Quartzite

• Located NE of Edmonton (40 townships lease)

• Captures up to 1.2 million tonnes per year of 
CO2 since 2015

• Injected into Basal Cambrian Sandstone (BCS) 
at 2100 m depth; Winnipegosis seal

• Results show minimal leakage, thermal 
effects, or impact of flowing aquifer

• Estimated injection front advancing at around 
25 m/year

• Some evidence of preferential flow through 
fluvial or tidal channels

BCS cores

Ongoing



QUEST depositional model

• Five main environments are recognized:

• Fluvio-tide dominated bay margin

• Tide-dominated bay margin

• Proximal and Distal bay

• Offshore

• Widespread sheet-like geometries

• Clays rare due to lack of vegetation, little 
subsidence and low gradients

• Project used Gog Quartzite as a near 
perfect analogue (VFT or FT available):

• Depositional settings

• Reservoir properties

Thin sections 
with porosity

Simple depositional model

Ongoing



Aquistore CCS Facility, SK

• Aquistore CO2 storage site near Estevan, 
Saskatchewan, has stored over 430K tonnes of 
CO2 since 

• Injected into Deadwood Fm.

• Icebox Member shales of the Winnipeg 
Formation form the seal

• The Deadwood has good injectivity due to its:

• Thickness (~200 m)

• Average 7 to 9% porosity and up to 20 mD perm

• Excellent top seals

• Low risk of seismic hazards

Sedimentary 
sequence

Ongoing



Deadwood Formation: Alberta core study

• Four cores examined:

• Basal contact to 
Precambrian 
basement

• Proximal red beds 
with alluvial fan, 
channel deposits, 
soils

• Tidal deposits 
including algal facies; 
flat pebble 
conglomerate; 
herringbone xstrat

• Stacked shallow 
marine, trough cross-
bedded sandstone 
interbedded with 
mudstone beds

• Possible shoreface 
parasequences sets

A

C

B

D

The Deadwood Formation at Fallingrock Cliff in 
the Black Hills, South Dakota.



Alberta Carbon Trunk Line (ACTL), Alberta

• By far the largest project globally 

• Planned CO2 injection capacity of 14.6 MMt/year

• Much of this should come from oil sands

• Gas will be injected into the Clive Field near 
Lacombe, Alberta

• Devonian Leduc Fm

• Has already produced 50 MMbbl of oil

• Same amount remains trapped in vugs and pores with 
well connected poroperm – EOR target

• Enhance plan to use CO2 for EOR – revenue x2

• Have already sequestered 3.5 MMt CO2 in AB

• ACTL utilizing Redwater Sturgeon Refinery, 
Nutrien, Wolf CO2 feeds but needs more input

Clive Field

Logistic 
challenges



Weyburn Reservoir – limestone CCS

• Test project with two oil fields in Midale, 
Saskatchewan 

• Ran from 2000 to 2011

• CO2 piped 320 km from Dakota 
Gasification facility in ND, then injected 
into Weyburn and Midale oil fields at up 
to 8500 tonnes/d

• Successful EOR, expected to produce 220 
MMbbl of incremental oil

• Mississippian aged carbonate beds with 
injection into vuggy CO3

• Seal is relatively impermeable beds of the 
Triassic Lower Watrous Member 

• Analogue system in Devonian Duperow Fm 
400 km to west

• Has sequestered 40 MMt of CO2

• Redwater Leduc Reef project (HARP) 
suspended in 2011 – poor economics

A cutaway block diagram of the Weyburn Field showing 
components of the system model developed for the Weyburn 
Project.

Initial; injection rate: 5,000 
tonnes/day or 95 million 
scf/day (2.7 million m3/d)

Geological cross-section

Completed

Pilot



Pathways Project

• 645 km pipeline with spurs leading 
south from oil sands

• Will sequester CO2 from more than 20 
oil sands facilities

• Moving it to a proposed hub in Cold 
Lake for storage in deeply buried Basal 
Sandstone Unit (BSU) Cambrian sands*

• Project spearheaded by CNRL

*https://ablawg.ca/2022/03/09/albert
as-carbon-capture-storage-land-grab-
and-the-potential-for-conflicts-of-
subsurface-rights/

In progress



United States



United States – mostly small beer

• Mixed successes in the US

• Of the 14 most expensive US-based 
projects, 13 were abandoned

• Greater interest in commercial EOR 
project using anthropogenic CO2

• La Barge (Exxon) injecting 7 MMt/y 
(see next page)

• Century Plant (Oxy) injecting 8.4 
MMt/y

• Denver Unit; Enid; Val Verde; 
Coffeyville and Lost Cabin, all around 1 
MMt/y

Project Location Size 
MMt/y

Sink Completed

Cranfield Mississippi 1 to 1.5 EOR 2015

Citronelle Alabama 0.25 Saline Ongoing

Decatur Illinois Total 1 Saline 2014

Northern 
Reef Trend

Michigan 0.37 Saline Ongoing

Farnsworth Texas 0.2 EOR Ongoing

Bell Creek Montana 1 EOR Ongoing

Kevin Dome Montana 0.125 Saline In planning

Small scale (pilot) projects

2010

Pilots



La Barge EOR

• Production of natural gas from the LaBarge
field in southwest Wyoming began in 1986

• High CO2 concentrations

• Shute Creek Treating Facility removes CO2, 
methane, helium (Controlled Freeze Zone 
technology: CFZ single step)

• CO2 and H2S injected back into reservoir

• 2008 review of Exxon permit to vent CO2

(180 Mcf/d, while selling another 225 Mcf/d 
to EOR operations in Colorado and 
Wyoming)

• Government forced Exxon to redirect 
greenhouse gas for EOR

• Resulted in $86 MM expansion facility, 
completed in 2010, largest industrial CCS 
project in the world

• Now exporting 7.4 MMt/y to EOR sites, 
increasing to 8.6 MMt in 2024

Ongoing



Decatur Project, 2011 to 2014 – blueprint for Ontario?

• Injecting into Mount Simon Sandstone 
(equivalent to BCS), 800 m thick

• Deposited in nearshore setting (and 
alluvial fans)

• Well sorted, medium grained quartzose 
sandstone with minor dolostone and 
shale beds

• Caprock is marine Ordovician Eau Claire 
Fm shales

• Injected 1 MMt/y of CO2 from ethanol 
production at ADM plant

• Most of injected CO2 migrates up to seal

Completed

Mount Simon Sandstone extends into Ontario



Wallula Project, Washington

• Test project ran from 2009 to 2013

• Injected CO2 at 0.1 MMt/y into 
basalts at 800 m

• Feedstock was from coals of the 
Powder River Basin

• Project intially shelved after 
testing delays

• Eventually injected  977 tons of 
pure CO2 at 850 m depth over 25 
days

• Colombia River flood basalt 
reservoirs

• Cores extracted two years later 
showed nascent carbonate 
mineralization 

• Estimate that 60% of CO2

sequestered in mineralization within 
2 years Locations where rocks suitable for turning CO2 into stone can be found. 

Light green indicates the youngest parts of the oceanic ridges and areas 
with volcanic rocks that are suitable for turning CO2 into stone (from the 
Carbfix Atlas).

Completed



DAC1: Direct Air Capture plant

• Begins operations in 2024

• World’s largest direct air capture (DAC) facility

• Located in the Permian Basin 

• Costly process involves:

• Air contactors that pull in atmospheric air

• Reacts with a potassium hydroxide solution

• Binds and separates the CO2

• Yields a pure, compressed stream of CO2

• Sent to geological storage sites

• Plan for 1 MMt/year of storage

• Requires high temperatures (> 800°C) and an 
aqueous basic solution as a sorbent

In progress



Europe



Sleipner Field, Norway

• World’s first industrial scale CCS project, 
started in 1996

• Natural gas produced from the Vest part 
of the reservoir contains 9% CO2 while 
only 2.5% is allowable in the sales gas

• Use amine tower on Sleipner T platform 
and then strip CO2 

• CO2 is compressed and injected into the 
Utsira aquifer, 1000 m below surface

Ongoing



Utsira Sandstone reservoir

• Pliocene Utsira Sandstone is a composite, 
lowstand fan comprising a series of mass flow 
deposits laid down in a marine environment

• 400 km N/S and 100 km E/W

• Fan lobes separated by shale breaks

• Has an internal, 5 m thick shale break and 
permeability barrier 

• Lower Seal forms the primary sealing unit and 
extends at least 40 km beyond the injection site

• Massive silty clays form an effective seal 

Ongoing



Challenges at Sleipner

• Simulation versus reality

• Challenge with very low relief reservoir

• Possible that only 0.11% of pore space 
is available for CCS

• Difficult depth conversion

• 5m shale breached after 3 years

• Series of horizontal permeability 
barriers identified

• Possible vertical leakage through 
seismic chimneys – closest is 7 km 
from injection point

• Found 3 km crack near field that 
was leaking gases (not CO2)

• Mineral trapping unsuccessful

• Modelling suggests that CO2 will not 
reach the seafloor until several 
hundred thousand years after end 
of injection

Ongoing



Snohvit Field, Norway

• CO2 has been injected into the early 
Jurassic Tubåen Formation since 2008

• Water filled 

• Deltaic to fluvial sandstone sequence

• Estimated storage potential of 23 MM 
tonnes over 30 years of injection

• Reservoir characteristics:

• Dominance of distributary channel facies 
means that reservoir compartmentalized

• 80 to 90% net:gross

• Complicated by variable cementation

• Common lateral and vertical permeability 
barriers related to the many faults

• Permeability may exceed 10 Darcies in 
fluvial channels

Facies map and 
cross-section at 
Snohvit Field

Challenged



Seal and Injection

• Reservoir overlain by:

• Mud-rich deposits of the Nordmela
Formation deposited in a lower coastal plain 
environment

• Stø Formation sandstones deposited in a 
shallow-marine environment

• Current CO2 values in Tubåen Formation 
indicate permanent sealing

• Injection rate of up to 0.7 MMt/year, 
using amine technology to capture gas

• Maximum storage of 40 MMt

• Stored 2600 m beneath the seabed

• Problems with less storage capacity than 
expected since 2010

• Drilling extra wells to try to alleviate this

Snohvit Field injection system

Snohvit Gas 
Field

Challenged



Northern Lights and Halten Projects, Norway

• Northern Lights is Norway’s first license for 
CO₂ storage on the NCS

• Starts in 2024 with initial capacity of 1.5 
MMt/year

• Later extension to 5 MMt/year is planned

• Will offer to store CO2 for industrial 
companies

• Partnership between Equinor, Shell and Total

• Key component of Longship, Norwegian 
government’s CCS project

• Lower Jurassic Johansen Fm, deltaic

• Halten CO2 storage from coal plant

• Aim to store 2.5 MMt/y of CO2

• CCS EOR halted due to poor reservoir 
characteristics

Ongoing

Challenged



Orca Plant, Iceland – small but promising

• Commenced in 2020

• DAC with optimized design to 
achieve injection of 4000 t/y

• Heat and electricity supply through 
geothermal power plant

• CO2 storage & mineralization in 
collaboration with Carbfix

• Permanent carbon mineralization 
in basalt proven in 2012 

Ongoing



Porthos CO2 Storage Pipeline (initially ROAD project)

• Port of Rotterdam CO2 Transportation Hub and 
Offshore Storage (Porthos) project

• 14% of CO2 emissions are from Rotterdam area

• CO2 is pressurized in a compressor station

• Transported through an offshore pipeline to the 
storage site, an empty natural gas field located 
approximately 20 km off the Dutch coast

• Bunter sandstone reservoir in P18-6 field and will 
use existing wells for injection; silt and claystone seal

• Injection begins 2023

• Plan to store 2.5 MMt/y for 15 years

• Storage capacity is SOLD OUT

SEAL

RESERVOIR

In progress



Middle East, Africa, South America



Saudi Arabia and Abu Dhabi

• Uthmaniyah CO2 EOR Demo project

• Began in 2015

• Using amines to separate CO2 at the 
Ghawar Oil Field

• Transported 70 km for injection in 
Uthmaniyah Field for EOR and storage

• Abu Dhabi

• ADNOC’s Shah gas plant has the 
potential to enable 2.4 MMt of CCS

• Habshan and Bab plants could do almost 
2 MMt of CCS

• Injection into oil fields

• Fertil-2 Capture project using amines to 
capture 400 t/d from Mitsubishi 
fertilizer plant

Shah Gas Plant

Pilots

In progress



In Salah Gas Storage, Algeria

• Project began in 2004

• Currently in post-injection monitoring 
phase

• Using Ethanol-amino solvent to process 
CO2

• CO2 is injected into the aquifer leg of a 20 m 
thick, fractured Carboniferous, fine-grained 
sandstone from which the Krechba Field 
produces CO2-rich gas

• Reservoir at 1850 to 1950 m depth, 
estuarine sandstone

• Injection reservoir sealed by around 950 m 
of a mixed sequence of Carboniferous 
mudstones, probably terrestrial

• Thin impermeable anhydrite at the top of 
the Hercynian unconformity

• Monitored through surface uplift rate at 
around 3 mm/year – response to plume 
propagation Pore space characterization

Structural geological setting of the Krechba Field

Completed



Brazilian projects – so much potential (salt)

• Petrobras Miranga CO2 injection began in 
2009

• Uses MTR membrane to test different 
scenarios for Santos Basin fields

• Petrobras Lula (Tupi) Field Offshore CCS

• Pre salt oil field holding 8.3 BB bbl recoverable

• CO2 composition 8 to 15%

• 8 FPSOs in use; production of 1 MMbbl/d

• Began project in 2013 using offshore platform

• CCS processed on FPSOs from NG for EOR

• Injected 25 MMt, third largest CCS project in 
the world (12% of global CCS)

Lula field FPSO

• GPC Quimica Methanol 
Production Plant

• Using amines to collect CO2 
from plant to supply to soft 
drink manufacturers

Lula field seismic line with discovery well

Ongoing

Ongoing



Asia and Australasia



Japan and South Korea

• Several research and development projects

• Nippon Steel, 30 t/d using amines

• JCOP Yubari project injecting into coal seams, 
and producing methane

• Kaita Biomass Power in planning

• Nagaoka Storage Project, 2003

• Small scale field test injecting into onshore 
saline formation 1100 m deep

• Homogeneous, high poroperm, Pleistocene 
sandstone

• 10,405 t injected

• South Korea has two projects in planning:

• Korea CCS1, constructing a coal fired plant and 
capturing emissions using amines, with 
injection into saline reservoir

• Korea CCS2, 300 MW plant and capture 1.2 
MMt/y to store in saline aquifers

Pilots

In progress



Come on China – CCS needs to get going

• Concentrating on large scale 
Power Plant CCS Projects:

• All projects in planning except 
Shengli pilot

• Daqing; Dongguan; Shengli Oil 
Field EOR; GreenGen; 
Lianyungang

• Using coal feedstock for power 
stations, producing 100 to 1200 
MW

• CO2 goes to EOR

• Projects have government 
support

• Challenge as most suitable 
storage basins are rich in coal

• Immature technology for CCS

• Coal is still used for energy 
production

In progress



Australia and New Zealand

• Aussies among the worst offenders on 
climate change

• Have proposed a net zero plan with 
priority technology on CCS

• Main CO2 producers are in the SE (coal 
fired power stations) and best sites for 
CCS are in the offshore NW

• Santos has $220 million CCS project in 
development at Moomba in South 
Australia

• Plans to store > 1 MMt/y

• Starting in 2024

• New Zealand has no CCS projects 
operating, though involved in several 
international initiatives

• Eight emitters suitable for CCS

• Potential EOR and ECBM use for CCS

Gorgon CCS facility

Strzelecki Oil 
Field, CCS target 

for Moomba 
Project

In progress



Collie Southwest Hub Project, Australia

• Located SW of Perth, WA

• Collect CO2 from coal fired industrial 
plants during production of electricity

• Injected into saline Triassic Lesueur
Sandstone reservoirs, 1600 m thick

• Overlies Precambrian basement and 
Permian sediments

• Yalgorup Member and Eneabba 
Formations, very heterogeneous with 
fluvial sands, silts and shales as well as 
palaeosols

• Requires other trapping mechanisms 
(solubility and residual gas trapping) as 
seal is not reliable

• Project funded by government in 2011; 
funding cuts; switch to pilot program; 
only three wells drilled

Funding



Gorgon Gas facility, Australia

• World's largest "dedicated" CCS project

• Financial backing of Chevron, Exxon Mobil and 
Shell, and $60 million from the WA 
government

• Injecting CO2 into massive Jurassic turbidite 
sand deposit beneath Barrow Island

Geological cross-section through the Gorgon gas project and Barrow 
Island areas, highlighting the proposed CO 2 injection interval within 

the upper and lower sands of the Dupuy Formation

Technical



Gorgon Gas facility – trouble in Paradise

• Racked by technical problems

• Injection into sandstone 2 km below surface

• Originally supposed to capture 80% of its 
emissions over a five-year period

• Only achieved storage of about 30 per cent of 
emissions; 2 years of delays

• At one point Gorgon plant was releasing 
roughly the same amount of CO2 into the 
atmosphere each year as was being 
collectively saved by every rooftop solar panel 
in Australia

• Chevron may have to purchase around 
$100 million in carbon credits

Injection into Lower Dupuy Sand

Technical



Bayu-Undan, Timor Leste

• Gas project owned by Santos

• Reservoir contains 16 to 20% CO2

• $1.6 BB CCS project proposed to delay 
decommissioning of field

• Requires many deals with governments

• Low returns and highly complex

• End of gas in 2023 threatens:

• An empty Darwin LNG plant 

• $US1.1 billion offshore decommissioning 
bill

• CCS would require a 500 km pipeline

• Pressure from:

• Partners, especially JERA (Japanese)

• Timor Leste government, who will want 
revenue from CCS and guarantees re 
eventual decommissioning

Funding



Conclusions



Summary

• Lots of projects in the pipeline

• Few have demonstrated commercial 
value

• Without Carbon Credits there will not be 
many projects beyond governments 
“guilting” companies into investing

• Most popular reservoirs are sandstones, 
especially Mesozoic ones

• Only three projects worldwide currently 
injecting more than 3 MMt/year of CO2

• Still seeing projects where the wheels 
have fallen off: Snohvit, Gorgon, Halten

• Unexpected reservoir properties

• Ineffective EOR

• Funding trouble

• Evidence of global warming should drive 
more investment
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The Last Word….?

Carbon sequestration is recognised
as a key method for removing carbon 
from the earth's atmosphere.

Carbon capture & storage is 
recognised by the UN as (an) 
essential climate mitigation tool. 

To contain global warming to 1.5 
degrees, we will need to capture and 
store between 350 and 1200 billion 
tonnes of CO2 this century

“It's a 50-year-old oil and gas 
industry practice of pumping 
CO2 into the ground to force 
out more oil from depleted 
fields, which increases 
emissions. 

"It's been re-branded as 
carbon capture and storage to 
basically greenwash it and 
allow the oil and gas industry 
to get taxpayer subsidies by 
presenting it as a climate 
abatement measure.

"It really is just a complete 
scam."

Mark Ogge, Australia Institute 
(public thinktank)

United Nations Economic Commission for Europe

National Grid Group

Global CCS Institute



Thank you
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