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Monitoring — why?

SITE PERFORMANCE: CURRENT AND FUTURE (EC Storage Directive)

. Image CO, in the reservoir
. Monitor containment risks
. Show site is currently performing as expected
. ldentify deviations and remediate
. Constrain predictions of long-term site behaviour
. Enable site closure

— Principally deep - focussed technologies

EMISSIONS ACCOUNTING (EU ETS / National Inventories)

. Monitor outer envelope of the storage complex
. Measure emissions

— Principally shallow - focussed technologies



CO2ReMoVe site monitoring

50 acid gas injection
in North America

70 CO,-EOR
projects in USA

- EOR projects Cerro Fortunoso
® Gas production fields
~ Saline aquifer

ECBM projects

4 industrial sites 3 pilot-scale sites

3 offshore sites, 4 onshore



Deep-focussed monitoring at Sleipner (1)
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CO, injection commenced 1996 Time-lapse 3D (4D) seismic

~1 Mt CO, injected per annum 2D seismic

> 13 Mt currently in situ Time-lapse seabed gravimetry
CSEM

Seabed imaging



Deep-focussed monitoring at Sleipner (2)
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Seismic: key plume imaging tool
Gravimetry: complementary constraints on density and dissolution
CSEM: Possible constraints on saturation (in progress)






Mixed Monitoring at In Salah (1)

Cretaceous
sandstones/

mudstones ) 3 CO2
Injectors

| womocco - P Carboniferous
- mudstones

(”

ALGERIA ‘Lk

- ..-F:-:»* R e
AR SN S
Three CO2 injectors: Kb-501, 502 and 503

3 Mt CO, have been injected since 2004

Multiple deep and shallow-focussed tools




Mixed Monitoring at In Salah (2)

Correlation between
surface displacements
(mm-scale) and seismic
changes at depth




Mixed Monitoring at In Salah (3)
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Pilot-scale laboratories: Ketzin (1)
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Multiple tools from other projects

e 2D & 3D surface seismic

. * VSP
+ Saline aquifer developad with three wells - e 2D-MSP
» Injection operation is safle and reliable
* Monitoring detects the CO, plume * 3D- MSP
* Now: phase of data integration e Cross — hole
» Electrical Resistance
Tomography

* Borehole-surface EM
*Surface monitoring ......



Pilot-scale laboratories: Ketzin (2)

Distributed (downhole)
temperature sensor

Z-component




Pilot-scale laboratories: K12-B

2005

F— Wellbore integrity
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Concentration (L/L)

History-matching from tracer
breakthrough



Innovative tools (1): Seismic methods

— 1994 baseline
— 2006 dataset
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Trace inversion, amplitude-offset studies , thin layer tuning, velocity and attenuation
tomography

Also research into passive seismics and electrical methods






Monitoring Strategies

Importance of baselines
Key tools
Cost-effective monitoring programmes

Key Monitoring Messages
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Baselines — Sleipner
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Potential monitoring tools: world deployments
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Some tools are effective, some are not

Some tools require dedicated infrastructure (e.g instrumented wellbores)
Can verify performance predictions at pilot-scale

Many not realistic / viable at industrial scale




Key deep-focussed tools (3D time-lapse seismic)

Onshore: 630m Snohvit In Salah

Offshore: 2700 m Onshore: 1950m
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Key deep-focussed tools (reservoir pressure)
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Shallow-focussed methodologies (1)

detected

. not detected

Need pointwise + spatial measurements



Shallow-focussed methodologies (2)

Spatial and point measurements 4



Cost-effective monitoring systems

HIGH-LEVEL OBJECTIVES

. Assurance of integrity and safety

. Address identified risks

. Verify (predictive) performance models

. Detect leakage (from the Storage Complex)

. Confirm permanent containment within the Storage Complex
. Quantify emissions if leakage detected

SPECIFIC OBJECTIVES

. Plume imaging in the reservoir

. CO, migration in the overburden (storage complex)
. Predictive model calibration and verification

. Storage processes and efficiency

. Topseal integrity

. Leakage warning and detection

. Emissions measurement

. Public acceptance



The Core Monitoring Programme

To meet the regulatory requirements of a conforming site (i.e. one that
behaves as expected during its lifetime).

It is aimed at performance verification, the monitoring and management of
any site-specific containment risks identified in the Framework for Risk
Assessment and Management (FRAM) and the detection of performance
irregularities including early warning of potential leakage.

MONITORING THAT WILL BE CARRIED OUT AS PART OF ROUTINE
SITE OPERATION



The Additional Monitoring Programme

To meet the requirements of a storage site that does not perform as
expected i.e. one in which irregularities have become significant.

Address possible range of significant irregularities and the needs of
any associated remediation actions.

PORTFOLIO OF TOOLS HELD IN RESERVE FOR USE IN THE
EVENT OF A SIGNIFICANT IRREGULARITY



Monitoring Strategy flowchart

Site Characterisation

Static site properties
Dynamic performance predictions

Framework for Risk Assessment
and Management

Additional monitoring plan targeted
on potential significant irregularities
and associated remediation

actions

Do irregularities lead to \/== - emissions

potential leakage / measurement
emissions?







Typical offshore storage site - Additional Monitoring: Leakage
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Typical offshore storage site - Additional Monitoring: Emissions

seawater

Gas plume in watercolumn

l— 39 ppm methane




Key monitoring findings

Monitored site performance always deviates from predictions
« Key is to establish what constitutes an acceptable deviation and demonstrate convergence of prediction
and observations with time

Robust monitoring baseline datasets key to effective performance verification.
« Weyburn (shallow monitoring baseline proved worth)
* In Salah (lack of satisfactory 3D seismic baseline significant drawback)

Different monitored parameters can be used to verify performance depending on site

characteristics

e Sleipner — plume migration and overburden imaging
* In Salah — pressure and surface displacement

* Snohvit — pressure and plume migration

For deep-focussed assurance (particularly offshore) a limited portfolio of monitoring

tools is likely to be required
« Sleipner — seismic, seabed imaging, but we need robust site characterisation
* Snohvit — pressure and seismic

Shallow-focussed assurance needs to establish emissions and also environmental
baselines

Emissions measurement (if required) is very challenging

« Point and areal measurements

* Precise quantification likely to be impossible

* Integrate measurements with leakage models to provide quantification

Focussed wholly on regulatory requirements
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