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Abstract:
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context of the range of offshore storage options available for the UK.

Context:
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Executive summary

This report was prepared for a study commissioned by the Energy Technologies Institute on:
Measurement, Monitoring and Verification (MMV) of CO, storage: UK requirements. The
project was led by the British Geological Survey (BGS) and involved the Nederlandse
Organisatie voor Toegepast-Natuurwetenschappelijk Onderzoek (TNO) and Quintessa Limited.
The report consists of two volumes. Chapters 1 to 9 form the first volume, whilst Chapter 10, a
review of existing technologies, is presented in VVolume 2.

The main aim of the study was to identify priority technologies and methodologies which ETI
could consider funding to enable effective MMV programmes to be implemented in the UK. A
secondary objective was to improve understanding of MMV strategies relevant to UK offshore
storage. The approach taken was to review existing monitoring methods and examine potential
developments. This was done in the light of developing legislation and in the context of the
range of offshore storage options available for the UK.

Chapter 2 presents an overview of the status of the regulatory requirements for monitoring
storage sites in the UK. The most relevant documents are the OSPAR Guidelines, the European
Commission Storage and Emissions Trading Scheme (ETS) Directives, and two Consultation
Documents from the Department of Energy and Climate Change (DECC).

The OSPAR Guidelines for Risk Assessment and Management of Storage of CO, in Geological
Formations, published in 2007, place emphasis on monitoring through all stages of a storage
project from collation of baseline data to long-term post injection monitoring, for the dual
purposes of detecting potential leakages and verifying that such leakage does not occur. Central
to the guidelines is a Framework for Risk Assessment and Management (FRAM) which is
progressively updated as new information becomes available to reduce uncertainty in site
performance. Several performance criteria are also defined, largely focussed on environmental
protection. OSPAR states that no storage may take place without a licence and that this requires
a risk management plan. The plan should include monitoring and reporting requirements,
mitigation and remediation options and a site closure plan. In terms of site closure, the guidelines
also stipulate that monitoring shall continue “until there is confirmation that the probability of
any future adverse environmental effects have been reduced to an insignificant level’. Ongoing
review of monitoring results is central to continued permitting.

The EC Directive on the geological storage of CO,, published in 2009, provides a regulatory
framework for permanent CO, storage where the intended storage is more than 100 kilotonnes. It
develops the principles defined by OSPAR and provides more detail on the practical
implementation of a licensing regime. The EC storage directive specifically addresses
monitoring for the purposes of assessing whether injected CO, is behaving as expected, whether
any migration or leakage occurs and if this is damaging the environment or human health.

We follow the EC Directives in defining migration as movement of CO, within the ‘storage
complex’ i.e. the primary storage reservoir (the storage site) plus any surrounding secondary
geological containment. Leakage is defined as the release of CO, from the storage complex. The
ultimate expression of leakage is, therefore, emission to seawater or the atmosphere.

In the EC Storage Directive a designated ‘Competent Authority’ is responsible for ensuring that
the operator monitors the site according to the approved monitoring plan. The monitoring plan
must include continuous or intermittent monitoring for certain specified items. Monitoring
results should be reported to the Competent Authority at least once a year and routine inspections
are also required at least annually. To enable site closure and transfer of responsibilities, the
operator should submit a post closure plan for approval by the Competent Authority. This must
include a demonstration that the actual behaviour of the injected CO, conforms to the modelled
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behaviour, the absence of any detectable leakage and that the storage site is evolving towards a
situation of long-term stability.

The EC Monitoring and Reporting Guidelines (MRG) (in the draft amendment to the EC
directive on the ETS) cover greenhouse gas emissions from the capture, transport and geological
storage of carbon dioxide. The MRG state that a monitoring plan should be established, which
should include detailed documentation of the monitoring methodology for a specific installation,
including the data acquisition and data handling activities, and quality control. Emissions are
taken as zero if there is no evidence for release of CO;, to the seabed or seawater on the basis of
monitoring results. However, if leakage from storage is detected, monitoring techniques should
be deployed which are capable of quantifying the leakage to a specified level of uncertainty. This
is the only case where the MRG demands monitoring additional to that already required by the
Directive and OSPAR.

Following the publication of the EC Directive on CO; storage, the UK government has issued
two consultations documents. The first of these was ‘Towards Carbon Capture and Storage’ for
which responses were published in April 2009. They indicate that monitoring would be required
to cover the subsurface volume affected by the CO, storage, rather than just the volume occupied
by the CO, plume itself. The period before transfer of responsibility will be determined for each
project individually, depending on the behaviour of the store during operation, (based on
evidence from the monitoring programme). The monitoring programme will be used as the
evidence base for deciding on the duration and type of post-transfer monitoring, for which a
‘transfer fee’ may be imposed.

The second UK consultation document, ‘Consultation on the proposed offshore carbon dioxide
storage licensing regime’, was released in September 2009. It presents a description of how the
UK CO, storage licensing scheme is intended to work, and seeks views on a draft of the
proposed regulations for implementing the EU storage Directive and a draft licence. The
Consultation proposed that the applicant must provide a proposed monitoring plan and that
responsibility for the site remains with the operator during the post-closure phase of the licence
until DECC is satisfied, on the basis of the monitoring reports and inspection, that the carbon
dioxide within the storage site has stabilised as predicted and that permanent containment has
been achieved. This suggests that closure of the site, with removal of infrastructure and sealing
of the wells, would occur before handover to the authorities. Such action would restrict
subsequent monitoring as wells would no longer be accessible. However, recent discussions with
DECC indicate that they are considering an option to maintain monitoring wells if appropriate.
Following this consultation, guidance on applications for storage licences will be issued by
DECC. It is expected that this will provide further detail on the kind of information required,
including plans for monitoring.

Significant gaps remain in understanding how the high-level principles set out in the regulations
will be implemented at real sites, particularly involving transfer of liability following site
closure.

Chapter 3 comprises a detailed examination of three actual or proposed offshore CO, storage
sites most relevant to the development of storage in the UK offshore area. Confidential
information on the proposed monitoring plan for Miller was also considered. Although details of
the Miller plan are not included in the report, some aspects are reflected in the generic plans
presented in Chapter 8. There is a comprehensive description of each storage site, providing:

e Background information on the site history and reasons for its selection and development.

e A description of the geological setting, the properties of the reservoir, seal and overburden
and the baseline surveys carried out or proposed.

e An analysis of the risk profile, considering migration through the seal, migration into well
bores, migration outside the site’s licence block, and the public relations aspects of the work.
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e A description of the monitoring programme put in place or proposed, covering all the
monitoring methods used and highlighting any site-specific requirements.

The monitoring programme is then assessed in terms of how well it addressed the identified
risks, the overall effectiveness of the methods employed in meeting other monitoring objectives,
such as management of the reservoir and the injection process, and finally how well the
monitoring programme would stand up in the context of current and planned regulatory
requirements. Finally, consideration is given to any additional work that could have been
undertaken with the benefit of hindsight.

The Sleipner storage site is located in the Norwegian sector of the North Sea and is the oldest
production-scale test CO, storage site. Operation began in 1996 and is still active with over
11 Mt of CO; injected into a saline aquifer. Because operations began well before the current
regulations were developed, much of the monitoring and verification framework grew out of the
research experience of operating the site. The geology is well-understood from the development
of the Sleipner West gas field, which provided extensive details of the reservoir properties and
baseline surveys. Monitoring was designed primarily to meet a risk profile based on
understanding the subsurface migration of injected CO,. The monitoring programme uses non-
invasive technologies: 2D and 3D surface seismic, seabed imaging and gravimetry,
electromagnetic surveys and pressure measurement. 3D seismic and gravimetry surveys were
repeated to provide time-lapse data, and pressure is monitored continuously at the wellhead. The
seismic and gravity surveys were particularly effective and provide useful research insights for
storage site monitoring elsewhere. It is concluded that the monitoring objectives and programme
would be largely compliant with current regulatory requirements apart from explicit emissions
accounting. However, as there are no indications of leakage, such monitoring would not be
needed under the regulations, although it would have to form part of a monitoring plan.

The Miller Qilfield lies in the UK sector of the North Sea about 240 km north east of Peterhead
and was proposed as a storage site with the injected CO, also providing for enhanced oil
recovery (CO,-EOR). The geological setting is well-understood from exploration and
development of the oilfield. Some baseline surveys were available; however, it was proposed to
carry out additional work to characterise the seabed to provide a basis for leakage and
environmental monitoring. As the site did not progress beyond the proposal stage the risk profile
and monitoring plans remained incomplete. The main risks considered were vertical migration
and leakage around existing wells, and lateral migration into adjacent oilfields. It was intended to
use reservoir simulations of injection, with the monitoring programme, to address risk mitigation
and to manage the EOR. An important factor was to be co-operation with the operators of
adjacent fields. The planned monitoring was more extensive than at Sleipner, with use of
invasive (downhole) methods including geophysical logging, downhole pressure measurement,
well fluid and geochemical logging (with tracers).

The first CO, storage test site in the Netherlands is at the K12-B natural gas field, in the Dutch
sector of the southern North Sea. Injection tests started in 2004, and injection continues at about
20 kt per year into a depleted reservoir. The sandstone reservoir is capped by mudstone and salt
— a geological setting characteristic of this part of the North Sea. Good baseline data is available
and reservoir modelling has been undertaken. The risk profile acknowledges the effectiveness of
the cap rock and considers upward migration to be a low risk, with any leakage restricted to loss
of well integrity. The research-oriented monitoring programme was designed on this basis, with
the additional objective of providing information on CO; flow and mixing (with methane) within
the reservoir. Integrity monitoring was based on well imaging technologies and well pressure
and temperature gradient profiling. Gas migration and mixing were monitored using gas and
water analysis, chemical tracers and pressure profiling, with further reservoir modelling based on
this data. A significant difference with other monitoring regimes was the omission of seismic
surveys for reservoir imaging. These were deemed unlikely to be effective due to the small
quantities of CO,being injected into a deep reservoir below a salt caprock. The monitoring

3
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regime was assessed as good for research purposes, with a useful test of the application of
reservoir modelling in the context of regulatory requirements to predict future site behaviour.

Finally the P-18 (and P-15) sites are also gas fields in the Dutch sector of the southern North Sea.
They are located a few tens of kilometres offshore, are nearly depleted and could thus represent a
cost-effective option for production-scale CO, storage. The geological setting has some
similarities with K12-B, with a sandstone reservoir capped and sealed by mudstones, although
here there may be more faulting. The caprock is known to be gas-tight for methane and the risk
of upward migration of injected CO, through it is regarded as very low. Existing wellbores are
however a leakage risk and there is also a possibility of fault reactivation providing leakage
pathways. Unwanted lateral migration is regarded as low-risk as the structure seems to be well
constrained. Monitoring plans are at a very early stage, but are being designed using current best-
practice around the risk profile and within the regulatory framework. Some of the existing wells
will be converted to observation wells, using a variety of downhole physical and chemical
measurement methods to monitor both migration within the reservoir and to detect leakage; the
observation wellbores themselves will also be monitored for leakage. Similar measurements will
be made at the injection wells, as far as injection operations permit. Seismic surveys will be used
to monitor migration and image the injection plume. Seabed imaging, with geochemical
sampling backup, will be used to detect any subsea leakage.

Chapter 4 presents modelling work examining CO, leakage parameters at four different generic
North Sea sites and a review of CO, leakage parameters from the literature.

Modelling work examined CO; scenarios for migration out of the main storage container at four
hypothetical sites designed to cover the range of likely storage options in the UK North Sea. The
site types are similar to those considered in Chapter 3 and form the basis for preparing
monitoring schemes in Chapter 8. The study provided estimates of the limits and ranges of
parameters that could be monitored at future CO, storage sites, using the results from simplified
systems-level models. Parameters derived from modelling plausible scenarios can help to
prioritise suitable monitoring tools and determine monitoring strategies. The sites were specified
to represent the key Features, Events and Processes (FEPS), including potential migration paths
likely to be encountered.

Scenarios were investigated for each site type using Quintessa’s QPAC-CO, computer code.
Important processes that can be modelled with this code include the advection of groundwater
and CO, due to pressure and density variations, state changes caused by pressure and
temperature variations, and CO,, dissolution in groundwater. Rapid simulations at the full system
scale were possible which allowed different parameter sensitivities to be explored. Values for
formation water pH were calculated separately using the geochemical modelling code
PHREEQC. In each case, the hypothetical leakage paths were specified to occur at the same
distance from the injection well, in order to allow comparison of the results. The simulations
were run for 500 years in order to cover any likely period for which monitoring might be
required. The results suggested that if the leakage pathway is reached by the CO, during
injection then leakage will be more significant than if it arrives after injection has ceased.
However, while breakthrough times to the leakage pathway can be relatively short, simulations
showed that peak CO, fluxes may not have had sufficient time to develop over the simulation
run period in under-pressured or hydrostatic scenarios.

Simulation results suggest that initial reservoir pressure conditions influence where and when
monitoring is appropriate. Underpressured sites present significantly lower leakage risks. For all
site types wells were the main CO,, leakage pathway considered, although leakage through a fault
or through a zone of overburden with enhanced permeability was also considered. Results
suggested that chemical monitoring of a typical cap rock would be unnecessary because of the
small amount of CO; involved and the very long timescales. Leakage that occurs via a fault or
through enhanced-permeability overburden was found to discharge much more significant
volumes of CO,, for the cases studied, than when it occurs via a borehole, despite the time for

4
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the borehole to leak being typically much shorter. Seawater pH changes above a leakage
pathway were found to be extremely small if only CO,-charged water discharges, but much
more significant (1 pH unit or more) if free CO, discharges. However, these changes are very
much controlled by the rate of mixing of seawater at the discharge point. The aquifer scenario
simulation results suggested that if migration occurred along a wellbore, additional storage might
be found in unbounded aquifers above the main storage reservoir and these aquifers would be the
most appropriate monitoring target to assess whether the borehole was providing a leakage
pathway.

Leakage parameters assessed by the literature review included CO, flux, concentration,
distribution and duration both from observations and simulations. Leakage parameters were
calculated from a variety of methods, including direct field measurements. Scenarios were
divided into the following categories; natural CO, releases; CO; injection sites; CO,-EOR sites;
experimental sites and numerical models.

Natural CO,, releases exist mainly in volcanic or hydrothermal areas, where deep sourced CO; is
released to the surface. This allows investigation of potential CO, pathways, fluxes and
environmental impacts. Flux rates range typically from background values (10 tonnes/m?/year)
up to a few tonnes/m?/year. CO, injection sites at both the pilot and commercial-scale have, in
almost all cases, not detected leakage, as they were chosen carefully as secure containers.
Methods including tracers and isotopic CO, signatures have been used to determine if any CO,
detected originates from the stored CO, or comes from unrelated biogenic sources. A low flux
rate leak was detected from West Pearl Queen, a small-scale storage test in a depleted oil field.
CO,-EOR sites have been operating in some cases since the 1970s and as such data on gas
releases experienced at these sites can aid estimation of CO, leakage parameters. Expected
leakage rates are very low; for example, at Weyburn, only about 0.001 % of the predicted total
CO;, stored at cessation of injection is expected to leak over 5000 years. Research at these sites
indicates that old wells not designed for CO, contact present the most likely risk of leakage.
Experimental sites have been specifically designed to monitor leakage parameters from CO,
injection into the shallow subsurface to assess the effects and rate of leakage. Release rate and
location can be controlled to mimic, for example, potential diffuse leakage or sudden leakage
from a point source such as a fault. These experiments also suggest that CO, releases become
concentrated into ‘hot spots’ which incidentally may aid detection of low level releases.
Numerical models have been developed to investigate CO, migration and leakage from a variety
of storage scenarios and over a variety of timescales.

Chapter 5 synthesises the findings of earlier chapters in order to assess the measurement
requirements for UK offshore MMV and to outline the efficacy of existing measurement
technologies. By examining the capabilities of existing tools, used individually or in
combination, key technological and methodological gaps are identified. These are assessed
further in subsequent chapters.

The regulatory requirements for monitoring at CO, storage sites define high-level objectives.
Consideration is made of more specific requirements, and how those might be met, when large-
scale storage takes place in future. This is weighed against the MMV schemes proposed or
deployed at actual North Sea sites and the likely range of leakage parameters.

The efficacy of existing monitoring tools (fully documented in Volume 2) is then examined in
the light of regulatory requirements and actual or proposed practice.

The purpose of this chapter is to identify where existing MMV technologies are likely to fall
short of what is needed to satisfy the requirements for demonstrating storage performance and
detecting and quantifying leakage. This leads to a definition of the extent to which improvement
is needed to help focus investigation of technological developments in the following chapters of
the report.
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With some specific exceptions (discussed in later chapters) deep focussed monitoring
techniques, based on decades of continuing development in the oil and gas industry, are largely
considered relatively mature and adequate to meet requirements. While leakage is not expected
at any storage site that has been suitably characterised and designed, regulations place significant
emphasis on monitoring leakage and its impact. Our review indicates that current technologies
for assessing and quantifying leakage require more development.

Chapter 6 complements Chapter 5 by presenting gaps in monitoring technologies as identified by
service companies, R&D teams and those involved in CCS projects, and indicates how such
organisations see developments addressing these gaps.

Some sixty organisations were canvassed for their views. Most CO, monitoring is carried out
using existing tried-and-tested oil and gas field monitoring technologies, but there are some
methods or adaptations specific to CO, monitoring either newly available or in development.

Joint interpretation methods represent a gap, which is also a major focus of the oil and gas
industry for its reservoir monitoring, modelling and reservoir simulation programmes.

The lack of a robust strategy for dealing with abandoned wells was identified as an important
gap. It was felt that technologies existed to address the monitoring issues, but there were
significant risks in deployment (e.g. damage to a well completion during installation
subsequently forming a CO, migration pathway).

The gaps identified from discussions with third parties were then cross-referenced to the gaps
identified previously in Chapter 5. A full catalogue of gaps is presented in Appendix 5 (Volume
2) under six themes: monitoring strategy; monitoring large areas with non-invasive techniques;
monitoring in and around wells; leakage and shallow monitoring; monitoring injection at the
well head; environmental impact assessment. Within each theme the gaps have been prioritised
according their importance for production-scale CCS.

This analysis allowed collation of an inventory of novel technologies. For each, we present a
summary of the developments identified followed by more detailed descriptions. These are
grouped according to the basis of the technology and the drivers for development. Descriptions
are cross-referenced to relevant material elsewhere in this report, mainly in Chapter 10 (Volume
2), which can be regarded as providing essential background on technologies and their
application. The methods and developments included in the inventory can be summarised as:

Seismic methods: there is potential for permanent installations for example using Ocean Bottom
Cables (OBCs) and scope for multi-component monitoring system data. Improvements are also
foreseen in: hardware (wireless, improved sensitivity, Micro Electro Mechanical System
(MEMS), optical sensors, continuous recording, improved sources); processing (improved
imaging, joint inversion); interpretation (data assimilation, visualisation). Inversion of pressure
and saturation are envisaged from Amplitude Versus Offset (AVO) or multi-component data.

High-resolution sea-bottom imaging and bubble detection: forward-looking sonar instruments,
can survey over 100 m ahead of the survey ship, and downward looking systems (e.g. sidescan
sonar and multibeam echo sounding) can map seabed features with increasing resolution and
detect bubbles. However, most experience is with methane or water and not with CO,.
Development is needed to establish detection limits for bubble streams, quantification potential,
whether bubble composition can be determined and development of permanent detectors for
critical locations (e.g. near old wellbores).

Geophysical logs: this is a mature technology, but more experience with CO, is needed. New
concepts for well integrity logs include electro-chemical techniques. Integrity logs need more
testing to establish threshold values for detectable leakage in wellbores. Custom completions for
monitoring at different levels, such as the Westbay System, need further evaluation.

Downhole P/T: distributed temperature sensors seem to be a mature technology.
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Chemical methods: developments are needed for downhole fluid chemistry and for new
sampling devices. Permanent and robust downhole pH sensors are not yet available. Improved
sampling devices and CO, detectors are under development. Microbial monitoring and
developments in biogeochemical methods are also ongoing.

EM or resistivity based methods: there is potential for joint inversion with seismics for CO,
monitoring.

Gravimetry: developments in gravity gradiometry have not been considered for CO,. Borehole
applications have not yet been explored sufficiently.

Other techniques: ecosystem impacts are being examined in new European and UK projects,
including the use of a benthic chamber, and progress in developing biomarkers has been made by
Statoil. No real development in tiltmeters is foreseen. New tracers are being tested. Drill cores
which maintain the pressure of seabed samples could potentially be used to sample shallow (up
to 500 m below seabed) sediments for CO,. The acoustic signal (sound) of CO, bubbles in the
water could also be detected at short range (up to 15 m) from a fixed monitoring position or an
ROV, using directional microphones. Noise logging in boreholes is experimental for CO,. Fixed
underwater cameras may have the potential to detect bubbles.

Each novel technology identified in the inventory has been assessed in terms of its maturity,
limitations and the improvements foreseen from current developments. Many developments are
incremental and the main need is for more testing with CO,. Shallow-focussed monitoring is, in
general, in need of more developmental effort than deep-focussed techniques.

Chapter 7 describes the potential for integrating two or more monitoring technologies. Here we
consider the integration potential from two aspects: the potential for joint interpretation of the
outputs from a range of technologies, and/or the joint acquisition of monitoring data via
simultaneous deployment, for example in a borehole or on a ship. The benefits of integrating
monitoring technologies include: optimising detection and quantification of CO, migration and
leakage, reducing deployment costs and improving understanding of reservoir processes such as
dissolution. Typical monitoring techniques suitable for joint interpretation are injection well and
monitoring well data and geophysical measurements such as seismic (including vertical seismic
profiling - VSP), microseismic, gravity and controlled source electromagnetic (CSEM). Joint
interpretation leads to better constrained models of the storage system. Improved understanding
of the reservoir over time will reduce uncertainties in the future behaviour of CO; in the
reservoir. Combinations of methods covering wide areas for detection, with local methods for
measurement can be used to detect and characterise migration or leakage.

Selection of tools to be integrated will be based on providing complementary monitoring
capabilities which improve detection and measurement both spatially and temporally. For
example, geophysical methods providing detection of migration and leakage over large areas
may be integrated with more direct measurement techniques deployed in wells or at the seabed
which are more spatially constrained but provide higher measurement frequency and/or
resolution. Further integration could include more detailed analysis to quantify rates of
movement (especially flux to seabed if leakage is occurring), composition and source of CO,.
One example described in this chapter is the integration of multibeam echo sounder imaging to
detect a potential leakage feature on the seabed combined with subsequent analysis of headspace
gas taken from sediment cores to confirm the composition of the gas (in this case naturally-
occurring methane). Similar integrated approaches with 2D seismic have been successfully used
to explore for shallow gas fields in the Southern North Sea. Joint interpretation of a range of
shallow geophysical technologies has showed their potential to monitor shallow CO, movement
onshore whilst individual techniques were not able to provide a definitive interpretation in
isolation.

Joint interpretation of seismic and gravity data has been demonstrated at Sleipner. The
combined use of gravity with seismics (as partially tested at Sleipner) could, in specific
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circumstances, reduce the cost of monitoring. For example borehole-gravity measurements could
be used in conjunction with pressure-test data and/or surface seismic data to enable a statistical
interpolation of predicted changes in the saturation of CO; at a lower cost than simply using 4D
seismic. Specific examples of joint acquisition are provided to illustrate the benefits for
integration. Permanent well and seabed geophone installation has high installation costs but
provides significant benefits in terms of continuous passive microseismic monitoring and for
regular or periodic active seismic surveys. Similarly, down-hole receivers can be integrated with
conventional 2D/3D surface seismics to significantly reduce costs. Downhole permanent sensors
can now include geophones, temperature and pressure sensors, with noise sensors becoming
available to provide more continuous real-time monitoring of events. Assessing well integrity
requires the joint deployment of a number of technologies, such as multifinger callipers and
electromagnetic tools, to confirm that results from individual technologies are indicative of
material degradation.

Monitoring plans for UK offshore storage sites are a regulatory requirement. They will need to
demonstrate appropriate site performance, to monitor and evaluate deviations from expected
performance and to measure CO, emissions should leakage occur. In Chapter 8 we consider
monitoring methodologies for four generic storage site types, which cover the likely range of
storage scenarios in the North Sea. They comprise: depleted gas fields beneath the Zechstein Salt
in the southern North Sea; saline aquifers and depleted gas fields above the Zechstein Salt in the
southern North Sea; depleted hydrocarbon fields in the central and northern North Sea and saline
aquifers in the central and northern North Sea. The generic monitoring methodology comprises
two distinct elements: a core monitoring programme designed to meet the regulatory
requirements of a conforming site (i.e. one that behaves as expected during its lifetime) and an
additional monitoring programme designed to address the requirements of a storage site that does
not perform as expected. The core monitoring programme will be defined as part of the storage
licence. 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 and evaluation of performance irregularities including early warning
of potential leakage. The additional monitoring programme is contingent upon the development
of a significant performance irregularity. It comprises a portfolio of targeted monitoring tools
held in reserve to evaluate and manage the range of possible irregularities and meet the needs of
any associated remediation. The additional monitoring programme includes any requirement for
emissions measurement under the ETS.

Specific methodologies for the core monitoring programme depend on storage site type.
Depleted hydrocarbon fields are assumed to have secure geological seals, so monitoring
emphasis is on possible migration and leakage along wellbores. Saline aquifers have geological
seals whose properties are less well understood and there will be a greater emphasis on non-
invasive monitoring tools providing wide spatial coverage. For all site types, the priority is to
deploy pre-emptive deep-focussed monitoring systems targeted on the primary storage reservoir
and its immediate surroundings, with the aim of identifying irregularities as soon as possible, and
before they become too serious to be remediable. Shallow-focussed systems, deployed at the
seabed or in the seawater column, aim to provide additional assurance that leakage is not
occurring. Fit-for-purpose baseline data is essential and, for shallow-focussed systems, must be
sufficiently robust to allow quantitative measurement of emissions should the need arise.

Key technologies for deep-focussed monitoring include downhole pressure and temperature (P,
T) measurement on the injection well and 3D (in some cases 2D) surface seismic. If suitable
wellbore infrastructure is available, remote (from the injection wells) P, T monitoring, saturation
logging and downhole fluid sampling may be appropriate. With the exception of CO, saturation
logging these are generally mature technologies with ongoing improvements driven by the oil
industry. Key technologies for shallow-focussed monitoring include multibeam echo sounding,
sidescan sonar, bubble stream detection and seabed measurements and/or sampling. These
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technologies are less mature than the deep focussed tools particularly in terms of accepted
practice for effective integrated deployment.

Methodologies for the additional monitoring programme depend very specifically on the nature
of the irregularity. They may require further deployment of tools already used in the core
programme or the use of specific new tools such as seawater chemistry or cross hole seismic.
Such tools may however be relatively developmentally immature, have unproven longer-term
reliability or have stringent wellbore infrastructure requirements. For emissions quantification
the ability to integrate spatially extensive information from non-invasive surveys (e.g. sonar
imaging) with local detailed sample measurements will be required.

Chapter 9 identifies where gaps exist in current monitoring technologies that should be addressed
to meet the anticipated monitoring requirements for UK offshore storage. It builds on the
findings and conclusions of previous chapters: summarising the regulatory requirements for
monitoring, defining the likely monitoring needs for four generic offshore storage types and
reviewing existing monitoring technologies and future developments including a review of new
technologies that might offer increased or improved monitoring capabilities

We conclude that current technologies are likely to meet most expected monitoring
requirements, especially in the areas of deep-focussed monitoring since this will largely utilise
mature technologies widely developed and tested in the hydrocarbon industry. No significant
gaps have been identified that require the development of completely new technologies. Further,
no completely new technologies are expected to be developed in the near future that will either
supersede any current technologies or address the gaps identified. It is expected that incremental
advances in current technologies, driven largely by market demands in the hydrocarbon and
marine surveying industries, will provide beneficial improvements in monitoring capabilities for
CO, storage.

Nevertheless, some monitoring requirements have been identified for which current technologies
have yet to be demonstrated as providing the necessary capability. These requirements are in the
following areas:

1. Leakage detection and measurement (emissions quantification) technologies including
both spatially extensive survey and continuous data collection. This may be achieved
through finding and measuring bubbles acoustically and by measurement of gas
concentration and flux. Testing of the latter could provide much needed natural
background values for offshore environments

2. Continuous monitoring technologies, primarily monitoring geochemical processes, in
boreholes.

3. High resolution time-lapse monitoring for detailed assessment of plume migration via
borehole instrumentation

4. Well integrity monitoring using noise logs and establishing detection thresholds for well
bore leakage using existing or refined techniques

A range of needs has therefore been identified to address these requirements, which mainly
involve development and testing of existing technologies to establish their efficacy.

We recommend that consideration be given to developing UK test facilities for permanent and
continuous borehole monitoring and for developing and testing CO, geological emission
detection and measurement technologies. Alternative approaches would be to establish
partnerships with existing international facilities and to work in collaboration with European and
UK projects.

We also recommend dialogue with service companies and projects to help foster development in
assessing well integrity, especially in plugged and abandoned wells.
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Further assessment is suggested of the potential for integrated permanent monitoring
technologies for specific UK offshore requirements.

Consideration should also be given to joint development with planned UK CCS demonstration
projects, through discussion with DECC and project participants.

The second volume of this report (Chapter 10) presents a review of existing technologies with
examples of their application and serves as a resource on the range of available techniques,
which can be referred to when reading other parts of the report. Appendices related to all
chapters are also to be found in Volume 2.
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1 Introduction

This report is the main output from a project selected to meet the Energy Technologies Institute’s
request for proposals on: ‘Measurement, monitoring and verification (MMV) of CO, storage:
UK requirements study’. The project was led by the British Geological Survey (BGS) in
collaboration with Nederlandse Organisatie voor Toegepast-Natuurwetenschappelijk Onderzoek
(TNO) and Quintessa Limited.

Carbon capture and storage (CCS) is a means of mitigating the effects of climate change by
reducing greenhouse gas emissions. The UK Department of Energy and Climate Change
(DECC) sees fossil fuels as a vital part of a diverse and secure low-carbon energy mix. However,
they recognise the need to substantially reduce carbon dioxide emissions from these sources.
Development and deployment of CCS is critical to this. It has the potential to reduce CO,
emissions from power stations by around 90%, and would make a significant contribution
towards meeting UK and international targets for emissions reductions. The Climate Change Act
2008 sets legally binding targets of at least a 34 % cut in greenhouse gas emissions by 2020 and
at least 80 % by 2050, against a 1990 baseline.

In 2007 the UK Government launched a competition to build one of the world’s first commercial
scale CCS power plants in the UK. The project aims to demonstrate post-combustion CCS on a
coal-fired power station with CO, stored offshore, capturing CO, from 300MW (net) of the
power station's capacity. On 12 March 2010 funding was awarded to E.ON and Scottish Power
for design and development studies as part of the competition. These studies will be completed
within twelve months, after which the final competition winner will be selected. This will lead to
the commissioning of a licensed CO, storage site under the North Sea - a key part of the licence
application will be a monitoring plan that fully meets the regulatory requirements currently being
developed. The stated aim is to have a full-chain demonstration operational by 2015. This
provides a clear momentum to this review of MMV requirements for the UK offshore storage
industry.

MMV of CO, storage sites will be required by legislation for a number of purposes. These
include verification of storage integrity, evaluating the movement of CO, and demonstrating that
injected CO, is behaving as predicted. In the event of leakage any CO, emitted has to be
quantified. Monitoring is therefore a key element of CO, storage site operations. It is needed to
show that CO, is being stored safely and that any risks to resources and the environment are
being properly managed.

Measurements will start before injection, as part of site characterisation, and to define baseline
conditions. They would then continue throughout the injection of CO, and into the post-injection
period until cessation of monitoring was acceptable to the regulators. The nature of monitoring is
expected to change over time, and in response to the behaviour of the CO,, in both type and
frequency. Techniques will be required for different purposes, such as tracking migration of CO,
or verification of predictive models, and certain methods would be held largely in reserve to deal
with potential leakage; some of these might never be deployed but would have to be available to
cover that eventuality.

MMV has been identified by the ETI as a key technology area in support of the roll out of CCS
in the UK. It is anticipated that ETI technology projects in this area would involve development
of MMV tools and strategies to meet both UK legislative requirements and the technical
demands of offshore operations.

The current review is seen by the ETI as a necessary step in assessing UK needs for MMV in the
light of current technologies and MMV experience prior to defining technology development
projects. The results provide the foundation to help ensure that the ETI will be in a position to

11
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develop research into novel MMV technologies for UK offshore applications that address key
gaps and requirements.

This report documents the findings of the study, which was carried out in two separate but
overlapping work packages (WPs). WP1 reviewed the developing regulatory requirements which
will affect CO, storage and benchmarked current MMV technologies and field experience
relevant to UK offshore application. It aimed to identify key requirements for technologies and
methodologies to meet the UK’s CO, MMV needs. WP1 was essentially completed in February
2010 and presented as a draft report. That report covered Chapters 2 to 5 and Volume 2 of the
present document, which have been revised during the second stage of the project in the light of
comments and to encompass the latest technological and regulatory developments.

WP2 examined the potential for technological improvements. This included developments to
existing MMV techniques, identification of methods that have not yet been demonstrated fully
for CCS and the scope for improved performance through integration of techniques.

This report presents the combined results of the work from the two WPs and represents the main
deliverable from the project.

Chapter 2 describes the regulatory requirements with particular reference to the developing UK
legislation being prepared by DECC to implement EU directives on geological storage of CO,
and the Emissions Trading Scheme. This will also encompass the OSPAR Guidelines and
support the proposed UK CCS demonstrations.

Chapter 3 reviews monitoring strategies for three case studies relevant to offshore storage in the
UK North Sea. Sleipner is the worlds’ longest operating industrial scale storage site and provides
an example of storage in a saline aquifer. K12-B and P18 are depleted gas fields in the Dutch
sector of the southern North Sea and representative of sub-salt and above salt storage in this
sector. K12-B is an active site, whilst storage at P18 is planned in future. The Miller Qilfield in
the Viking Graben, was proposed as a storage site, although plans for this were shelved. It
provides an example of a depleted oilfield from the central or northern North Sea. Confidential
documents from BP on the approach to monitoring for the Miller project were studied during the
project. They were used to inform the generic monitoring plan considered for this type of site in
Chapter 8 but are not presented in detail in Chapter 3.

Chapter 4 describes systems modelling work undertaken for this project examining potential
changes to measurable parameters arising from the movement of CO, in four hypothetical
simplified sites which cover a range of typical storage scenarios in the UK North Sea. This
chapter also provides a literature review of CO, leakage parameters from natural analogue sites,
experimental work, and modelling as well as consideration of leakage from enhanced oil
recovery and CCS demonstration projects. These indicate the range of realistic flux rates,
potential migration pathways, local environmental impacts and other relevant parameters.

Chapter 5 synthesises the findings of earlier chapters, at the end of WP1, in order to assess the
measurement requirements for UK offshore MMV and to outline the efficacy of existing
measurement technologies. The capabilities of existing tools, individually or in combination,
were assessed to identify key technological and methodological gaps. These were assessed
further in WP2 of the project and form the content of the subsequent chapters.

Chapter 6 looks at each of the types of monitoring techniques in turn and assesses their state of
development in terms of CCS deployment. It considers the practicalities of the methods for
offshore UK use. The different techniques are then ranked and prioritised and recommendations
made as to their potential for further development. This takes account of costs (in broad terms)
and the time likely to be required. This is followed up in Chapter 7, which considers the
opportunities for integration of technologies to add value from both cost and data quality
perspectives.

12



CR/10/030; Final 1.0 Last modified: 30/11/2010

MMV methodologies for different types of UK offshore storage sites are considered in Chapter
8. The four types of site considered are broadly those reviewed in Chapter 3, but are more
generic rather than specific. The monitoring regime for each site type is examined in relation to
regulatory requirements and the specific geological conditions that give rise to different risks and
thus require variations in monitoring strategy.

Chapter 9 draws together the outcomes of the preceding chapters into recommendations for key
tool development needs in a UK offshore context. This section discusses not only those methods
with scope for development but also identifies suppliers/institutes that might have the potential to
carry out the required technical innovation.

The current monitoring technologies relevant to the UK offshore environment, covering both
shallow- and deep-focussed techniques, are reviewed in Volume 2 (Chapter 10). This builds on
earlier reviews and makes use of our continued development of the IEA Greenhouse Gas R&D
Programme Monitoring Selection Tool and links with CCS projects and networks. Case studies
are presented to illustrate the use of the different techniques. Where possible, these cover CO,
storage projects. However, many of the shallow techniques have not been tested with CO,, and
so other appropriate case studies are presented.

Key definitions

Definitions of the terms ‘migration’ and ‘leakage’ are not always consistent in regulatory/policy
documents worldwide. In this report we follow the EC Storage and ETS Directives, which define
migration as movement of CO, within the ‘storage complex’ i.e. the primary storage reservoir
(the storage site) plus any surrounding secondary geological containment. Leakage is defined as
the release of CO, from the storage complex. The ultimate expression of leakage is emission to
seawater or to the atmosphere.
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2 Regulatory requirements for monitoring storage sites in
the UK offshore area.

2.1 EXECUTIVE SUMMARY

This chapter presents an overview of the status of the regulatory requirements for monitoring
storage sites in the UK offshore area. The documents considered most relevant to CO, storage
are the OSPAR Guidelines, the European Commission Storage and Emissions Trading Scheme
(ETS) Directives, and two UK Consultation Documents from the Department of Energy and
Climate Change (DECC). This chapter summarises how these regulations contribute to the
definition of monitoring requirements including both deep focussed (subsurface) and shallow
focussed (sediment, seawater and atmosphere) monitoring objectives, for which specific
applicable technologies are reviewed in Volume 2.

The OSPAR Guidelines for Risk Assessment and Management of Storage of CO; in
Geological Formations, published in 2007, place emphasis on monitoring through all stages of a
storage project from collation of baseline data to long-term post injection monitoring, for the
dual purposes of detecting potential leakages and verifying that such leakage does not occur.
Central to the guidelines is a Framework for Risk Assessment and Management (FRAM)
which is progressively updated as new information becomes available to reduce uncertainty in
site performance. Several performance criteria are also defined, largely focussed on
environmental protection. OSPAR states that no storage may take place without a licence and
that this requires a risk management plan. The plan should include monitoring and reporting
requirements, mitigation and remediation options and a site closure plan. In terms of site closure,
the guidelines also stipulate that monitoring shall continue ‘until there is confirmation that the
probability of any future adverse environmental effects have been reduced to an insignificant
level’. Ongoing review of monitoring results is central to continued permitting.

The EC Directive on the geological storage of CO,, published in 2009, provides a regulatory
framework for permanent CO, storage where the intended storage is above 100 kilotonnes. It
develops the principles defined by OSPAR and provides more detail of the practical
implementation of a licensing regime. The EC storage directive specifically addresses
monitoring for the purposes of assessing whether injected CO, is behaving as expected, whether
any migration or leakage occurs and if this is damaging the environment or human health. A
designated Competent Authority is responsible for ensuring that the operator monitors the site
according to the approved monitoring plan. Among other things, the monitoring plan must
include continuous or intermittent monitoring for certain specified items. Monitoring results
should be reported to the Competent Authority at least once a year and routine inspections are
also required at least annually. To enable site closure and transfer of responsibilities, the operator
should submit a post closure plan approved by the Competent Authority. This must include a
demonstration that actual behaviour of the injected CO, conforms to the modelled behaviour, the
absence of any detectable leakage and that the storage site is evolving towards a situation of
long-term stability.

The EC Monitoring and Reporting Guidelines (MRG) (in the draft amendment to the EC
directive on the ETS) cover greenhouse gas emissions from the capture, transport and geological
storage of carbon dioxide. The MRG state that a monitoring plan should be established, which
should include detailed documentation of the monitoring methodology for a specific installation,
including the data acquisition and data handling activities, and quality control. Emissions are
taken as zero if there is no evidence for release of CO; to the seabed or seawater on the basis of
monitoring results. However, if leakage from storage is detected, monitoring techniques should
be deployed which are capable of quantifying the leakage to a specified level of uncertainty. This
is the only case where the MRG demands additional monitoring to that already required by the
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Directive and OSPAR. The IPCC (Intergovernmental Panel on Climate Change) Guidelines
have a similar objective to those of the MRG in quantifying emissions to the seawater.

Following the publication of the EC Directive on CO; storage, the UK government has issued
two consultations documents. The first of these was ‘“Towards Carbon Capture and Storage’
for which responses were published in April 2009. They indicate that monitoring would be
required to cover the subsurface volume affected by the CO, storage, rather than just the volume
occupied by the CO, plume itself. The period before transfer of responsibility will be determined
for each project individually, depending on the behaviour of the store during operation, (based
on evidence from the monitoring programme). The monitoring programme will be used as the
evidence base for deciding on the duration and type of post-transfer monitoring, for which a
‘transfer fee’ may be imposed.

The second UK consultation document entitled ‘Consultation on the proposed offshore
carbon dioxide storage licensing regime’ was released in September 2009. It presents a
description of how the UK CO, storage licensing scheme is intended to work, and seeks views
on a draft of the proposed regulations for implementing the EU storage Directive and a draft
licence. The Consultation proposed that the applicant must provide a proposed monitoring plan
and that responsibility for the site remains with the operator during the post closure phase of the
licence until DECC is satisfied, on the basis of the monitoring reports and inspection, that the
carbon dioxide within the storage site has stabilised as predicted and that permanent containment
has been achieved. This suggests that closure of the site, with removal of infrastructure and
sealing of the wells, would occur before handover to the authorities. This would restrict any
subsequent monitoring as there would no longer be access to the wells. However, recent
discussions with DECC have indicated they are considering retaining the option to maintain
monitoring wells if appropriate. Following this consultation, guidance on applications for storage
licences will be issued by DECC. It is expected that this will provide further detail on the kind of
information required, including plans for monitoring.

Significant gaps remain in understanding how the high-level principles set out in the regulations
will be implemented at real sites, particularly involving transfer of liability following site
closure.

2.2 INTRODUCTION

In this section we provide a brief overview of the regulations that are most relevant to CO;
storage and identify how these regulations contribute to the definition of monitoring
requirements for offshore storage sites in the UK. The scope of this review of the regulatory
monitoring requirements for offshore CO, storage includes key aspects of the geological storage,
largely from the point of injection outwards into the storage formation. As such it focusses on
monitoring the geosphere and overlying seawater and atmosphere. It formally excludes
monitoring of infrastructure associated with operational safety and any onshore monitoring.

We aim to provide an overview of the technical monitoring requirements, as they are currently
understood, that existing regulations indicate might be required at an offshore storage site. It is
only intended to set the scene and does not purport to provide legal guidance on likely future
requirements.

The key regulations and publications that are considered relevant to defining requirements for
monitoring the performance of CO, storage projects in the UK offshore area are listed below:

OSPAR Guidelines

EC Directive on Storage

EC Directive on the ETS - as amended to meet the Storage Directive
UK Consultation Document
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UK Storage licence consultation
North Sea Basin Task Force: Monitoring Verification Accrediting and Reporting paper

2.3 OSPAR GUIDELINES FOR RISK ASSESSMENT AND MANAGEMENT OF
STORAGE OF CO; IN GEOLOGICAL FORMATIONS

These guidelines were published following the meeting of the OSPAR Commission in June 2007
(OSPAR 07/241/1-E, Annex 7). Central to the guidelines is a Framework for Risk Assessment
and Management (FRAM) which was developed from that produced for the London
Convention/Protocol. The Guidelines cover both the process of CO, injection and also post-
injection risks of leakage. Publication of the Guidelines was significant as it provided an
indication that CO, storage could be undertaken legally in the marine environment once the
amendment to the treaty is ratified. Elements from the Guidelines were subsequently
incorporated within the EC Directive on Storage.

The objective of CO, storage is defined in the Guidelines as the permanent containment of CO5.
OSPAR indicated that this objective should be underpinned by developing and operating a
Framework for Risk Assessment and Management, which is described generically in the
Guidelines.

2.3.1 Framework for Risk Assessment and Management

Operating the FRAM is an iterative process whereby the FRAM is progressively updated as new
information is collected and analysed to reduce uncertainty in site performance. Six stages are
defined within a FRAM:

a. Problem formulation: critical scoping step, describing the boundaries of the assessment
(i.e. defining the storage area/volume and the scope of the assessment e.g. environmental
impact or security of storage).

b. Site selection and characterisation: collection and evaluation of data concerning the site,
including the establishment of baseline datasets.

c. Exposure assessment: characterisation and movement of the CO, stream, which may
include an assessment of additional substances present within, or mobilised by, the CO,
stream.

d. Effects assessment: assembly of information to describe the response of receptors (e.g.
possible consequences of CO, storage on the environment, such as on species,
communities, habitats, marine resources and other users);

e. Risk characterisation: integration of exposure and effect data to estimate the likely impact.
This characterisation may need to be revised in the light of new information obtained from
monitoring activities, and;

f. Risk management: including monitoring, mitigation and remediation measures. The risk
management should demonstrate how risks of leakage will be managed to avoid significant
adverse consequences for the marine environment, human health and other legitimate uses
of the maritime area.

Monitoring is seen to be an integral part of all phases of a CO, storage project. The life cycle of
a CO;, storage project, as defined by OSPAR, consists of the following phases:

e Planning
e Construction
e Operation

e Site-closure
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e Post-closure

Monitoring is seen to be applicable at all stages of the project and forms an integral part of
FRAM operation and development.

The following performance criteria are proposed by OSPAR and this review indicates which of
these criteria are relevant to this study:

Monitoring Within
required scope of this
study
a.  characterisation of the CO, stream (including Yes No
composition);
b.  characterisation of the proposed storage-site(s); Yes Yes
c.  preventive and/or mitigating measures (with appropriate Yes Yes
performance standards);
d. injection rates and techniques; Yes Yes
e.  potential leakage rates and exposure pathways; Yes Yes
f.  the potential impacts on amenities, sensitive areas, habitat, | Yes No
migratory patterns, biological communities and marketability of
resources, including fishing, navigation, engineering uses, areas
of special concern and value and other legitimate uses of the
maritime area;
g. the nature, temporal and spatial scales and duration of Yes Yes
observed and expected impacts;
h.  cumulative number of permits issued; No No
I. whether guidelines are implemented; No No
J. amount CO;, stored (tonnes); Yes No
k. net amount of CO, stored (tonnes); Yes No
l. chemical composition of the CO, stream; Yes No
m. any observed leakage rates and exposure pathways; Yes Yes
n.  any expected impacts from this leakage; Yes Yes
0. any observed impacts on the marine environment and Yes Yes
other legitimate uses of the maritime area; and
p. any (mitigative) measures taken. Yes Yes

These performance criteria should form part of the risk assessment and management reports.
OSPAR recognises that the assessment of hazards and risks related to storage of CO, streams in
geological formations may include a significant level of uncertainty. This uncertainty should be
identified and, wherever possible, quantified in the reports. This information should be used to
identify areas for which further research or monitoring is required.

2.3.2 Permit and permit conditions

In accordance with paragraph 3 of OSPAR 07/241/1-E, Annex 7, no storage may take place
without a licence. The licence must contain, inter alia, a risk management plan (Para. 18b) that
includes:
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e Monitoring and reporting requirements
e Mitigation and remediation options

e A site closure plan including a description of post-closure monitoring and
mitigation and remediation options; the guidelines also stipulate that monitoring
shall continue ‘until there is confirmation that the probability of any future
adverse environmental effects has been reduced to an insignificant level’.

The review of monitoring results should also provide evidence of whether monitoring
programmes need to be continued, revised or terminated and underpins decisions concerning the
continuation, modification or revocation of permits.

2.3.3 Risk Management

Monitoring programmes should be linked to putative impact hypotheses of the storage project,
via the performance criteria and to verify predictions and review the adequacy of management
measures applied.

The risk characterisation should lead to the development of an ‘Impact Hypothesis’. This is a
concise statement of the expected consequences of disposal. It provides the basis for deciding
whether to approve or reject the proposed disposal option and for defining the monitoring
requirements. Data collected during site selection and characterisation would form the baseline
for management and monitoring of the injection and storage of CO,. The baseline data should be
used in the development of a monitoring strategy.

The impact hypothesis should be linked to an effects assessment. Part of this will be a concise
statement of the expected consequences of storage of a CO, stream in geological formations. It
provides input for deciding whether to approve or reject a CO, storage proposal, site selection,
and monitoring, both to verify the impact hypothesis and to determine what additional
preventative and/or mitigating measures are required. It therefore provides a basis for
management measures and for defining environmental monitoring requirements.

Key issues identified by OSPAR include well integrity, fluid flow and prediction of any fracture
development or reactivation.

Monitoring during injection
OSPAR identifies two main purposes of monitoring:
e Detection of potential leakages
e Verification that such leakage does not occur.
A monitoring programme should include:
a.  Monitoring for performance confirmation.
b Monitoring to detect possible leakages.
c.  Monitoring of local environmental impacts on ecosystems.
d

Monitoring of the effectiveness of CO, storage as a greenhouse gas mitigation
technology.

The following essential elements of process monitoring and control have been listed:
a.  The injection rate.
b.  Continuous pressure monitoring.
c. Injectivity and fall-off testing. (although this is arguably not process monitoring)
d

The properties of the injected fluid (including temperature and solid content, the
presence of incidental associated substances and the phase of the CO, stream).
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e.  Mechanical integrity of seals and (abandoned) wells.

f.  Containment of the CO, stream including performance monitoring and monitoring in
overlying formations to detect leakage.

g.  Control measures, overpressure, emergency shut down system.

While not essential, the OSPAR guidelines state that if observation wells are available they can
provide useful information.

The evaluation of the results of the monitoring may be used to update the strategy and any other
operational practices.

Long term, post injection, monitoring of migration of CO, streams and mobilised substances

Long-term monitoring can generally be accomplished with a sub-set of the technologies used
during the injection phase. Moreover, new efficient monitoring technologies are likely to evolve.
Methods chosen for monitoring should not compromise the integrity of the sealed formation, or
the marine environment. In addition, records should be kept of the authorisation, licensing and
site closure processes, together with data on long-term monitoring and management capabilities.

2.3.4 OSPAR Key issues

Monitoring should be undertaken throughout all stages. This includes collection of baseline data
necessary to demonstrate acceptable site performance and monitoring following site closure
(note that the site closure is not specifically defined).

OSPAR define several performance criteria, largely focussed on environmental protection, and
we can identify that monitoring is required to measure many of these.

Ongoing review of monitoring results is central to continued permitting.

It may be necessary to monitor additional substances that are already present or mobilised by the
COg stream.

Stakeholder involvement is an important part of the FRAM and monitoring activities and
planning can be assumed to be included in any stakeholder consultation.

Monitoring data must be maintained for much longer periods than those associated with other
authorised practices and most other human activities (although precisely how long is not
defined).

2.4 ECDIRECTIVE ON THE GEOLOGICAL STORAGE OF CO,

The EC Directive on storage (2009/31/EC), published on 23 April 2009, further develops the
principles defined by OSPAR for CO, storage and provides more detail of the practical
implementation of a licensing regime. The Directive provides a regulatory framework for
permanent CO, storage. The Directive does not apply to geological storage of CO, with a total
intended storage of less than 100 kilotonnes, undertaken for research and development or testing
new products and processes.

The Directive recognises that monitoring is essential to assess whether:

e Injected CO; is behaving as expected.
e Whether any migration or leakage occurs.
e Whether any identified leakage is damaging the environment or human health.

Member States are therefore required to ensure that during the operational phase, the operator
monitors the storage complex and the injection facilities on the basis of an approved monitoring
plan designed to address specific monitoring objectives. The Competent Authority is the
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regulatory organization designated within the Member State responsible for applying the
regulations. The operator should report the results of the monitoring, including information on
the monitoring technology employed, to the Competent Authority at least once a year. Routine
inspections are required to be carried out at least once a year. The inspection will examine
relevant monitoring facilities. If a Competent Authority withdraws a permit it will temporarily
take over all legal obligations related to acceptance criteria, including monitoring, until a new
permit has been issued.

During the closure of a storage site, the operator should remain responsible for monitoring until a
post closure plan has been submitted and approved by the competent authority. Part of the
approval process and transfer of responsibilities (Article 18) is provision of a report, which
includes a demonstration that all available evidence indicates that the stored CO, will be
completely and permanently contained and:

(@) The conformity of the actual behaviour of the injected CO, with the modelled
behaviour

(b) The absence of any detectable leakage
(c) That the storage site is evolving towards a situation of long-term stability.

These crucial closure-related criteria are critically dependent on the monitoring plan and its
efficacy.

Once a project is completed and the storage site closed to the satisfaction of the Competent
Authority, any liabilities (termed responsibilities in the Directive) associated with the site are
transferred to the Competent Authority. At this point, monitoring may be reduced to a level
which still allows identification of leakage or significant irregularities. If any leakages or
significant irregularities are detected, monitoring should be intensified as required to assess the
scale of the problem and the effectiveness of corrective measures. The Directive indicates that
monitoring costs would be covered by a financial contribution from an operator (before site
closure and revocation of the storage licence) and that these costs should cover anticipated
monitoring over a period of at least 30 years.

Article 13 of the Directive specifically addresses monitoring:

1. Member States shall ensure that the operator carries out monitoring of the injection
facilities, the storage complex (including where possible the CO, plume), and where
appropriate the surrounding environment for the purpose of:

(@) Comparison between the actual and modelled behaviour of CO, and formation water,
in the storage site.

(b) Detecting significant irregularities.
(c) Detecting migration of CO».
(d) Detecting leakage of CO..

(e) Detecting significant adverse effects for the surrounding environment, including in
particular on drinking water, for human populations, or for users of the surrounding
biosphere.

() Assessing the effectiveness of any corrective measures taken... [in case of leakage].

(9) Updating the assessment of the safety and integrity of the storage complex in the short
and long term, including the assessment of whether the stored CO, will be completely
and permanently contained.

2. The monitoring shall be based on a monitoring plan designed by the operator
...submitted to and approved by the Competent Authority.... The plan shall be updated
pursuant to the requirements laid down in Annex Il and in any case every five years to take
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account of changes to the assessed risk of leakage, changes to the assessed risks to the
environment and human health, new scientific knowledge, and improvements in best
available technology. Updated plans shall be re-submitted for approval to the Competent
Authority.

Annex Il of the Directive sets out the criteria for establishing and updating the monitoring plan
and for post-closure monitoring and the most pertinent parts are:

1.1. Establishing the plan

The monitoring plan shall provide details of the monitoring to be deployed at the main stages of
the project, including baseline, operational and post-closure monitoring. The following shall be
specified for each phase:

(a) Parameters monitored.

(b) Monitoring technology employed and justification for technology choice.
(c) Monitoring locations and spatial sampling rationale.

(d) Frequency of application and temporal sampling rationale.

The parameters to be monitored are identified so as to fulfil the purposes of monitoring.
However, the plan shall in any case include continuous or intermittent monitoring of the
following items:

(e) Fugitive emissions of CO;, at the injection facility.

(f) CO; volumetric flow at injection wellheads.

(g) CO,, pressure and temperature at injection wellheads (to determine mass flow).
(h) Chemical analysis of the injected material.

(i) Reservoir temperature and pressure (to determine CO, phase behaviour and state).

The choice of monitoring technology shall be based on best practice available at the time of
design. The following options shall be considered and used as appropriate:

(J) Technologies that can detect the presence, location and migration paths of CO, in the
subsurface and at surface.

(k) Technologies that provide information about pressure-volume behaviour and areal/vertical
distribution of CO, plume to refine numerical 3-D simulation to the 3-D-geological models of
the storage formation.

() Technologies that can provide a wide areal spread in order to capture information on any
previously undetected potential leakage pathways across the areal dimensions of the complete
storage complex and beyond, in the event of significant irregularities or migration of CO, out of
the storage complex.

1.2. Updating the plan

The data collected from the monitoring shall be collated and interpreted. The observed results
shall be compared with the behaviour predicted in dynamic simulation of the 3-D-pressure-
volume and saturation behaviour undertaken in the context of the security characterisation ....

Where there is a significant deviation between the observed and the predicted behaviour, the 3-D
model shall be recalibrated to reflect the observed behaviour. The recalibration shall be based on
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the data observations from the monitoring plan, and where necessary to provide confidence in
the recalibration assumptions, additional data shall be obtained.

Where new CO, sources, pathways and flux rates or observed significant deviations from
previous assessments are identified as a result of history matching and model recalibration, the
monitoring plan shall be updated accordingly.

2.5 MONITORING AND REPORTING GUIDELINES IN THE ETS

The following is based around the recent North Sea Basin Task Force report ‘Monitoring
Verification Accrediting and Reporting (MVAR) Report for CO, storage deep under the seabed
of the North Sea: Final Version — 4 October 2009°, which summarises the content of the EC
Monitoring and Reporting Guidelines.

Monitoring and Reporting Guidelines (MRG) are laid down in the draft amendment
(2009/xx/EC) of Decision 2007/589/EC. They address monitoring and reporting guidelines for
greenhouse gas emissions from the capture, transport and geological storage of carbon dioxide

N.B. If there is no evidence for release of CO, to the seabed or seawater on the basis of
monitoring applied in accordance with the Storage Directive, emissions are taken to be zero. If
on the other hand there is an indication, or potential, that CO; is being emitted or released to the
seawater, appropriate monitoring must be undertaken to enable the quantification of the leakage.
This is in addition to any monitoring requirements under the Storage Directive. Monitoring of
emissions from a leakage shall continue until emissions from that leakage can no longer be
detected. The document, in particular Annexes | (e.g. Section 4.3) and XVIII, specifies how
emissions from the CO,, storage activity have to be reported.

The MRG (Section 4.3 of Annex I) states that a monitoring plan should be established. This
should include a detailed, complete and transparent documentation of the monitoring
methodology for a specific installation, including documentation of the data acquisition and data
handling activities, and quality control. It should include the following specific items:

o Quantification approaches for emissions or CO, release to the seawater from
potential leakages as well as the applied and possibly adapted approaches for actual
emissions or CO;, release to the seawater.

. Description of the installation.

o List of emission sources.

o Description of the calculation- or measurement-based method for quantifying
emissions.

o If applicable, a description of continuous emission measurement systems.

o Compliance with the uncertainty threshold for activity data.

Furthermore the operator must demonstrate a credible understanding of the main sources of
uncertainty when measuring and calculating emissions (Chapter 7 of Annex ).

Potential CO, emission sources from the storage which should be quantified are:

o Fuel use at booster stations and other combustion activities such as on-site power
plants.

o Venting at injection or at enhanced hydrocarbon recovery operations.

o Fugitive emissions™ at injection.

o Breakthrough CO, from enhanced hydrocarbon recovery operations.

Fugitive emissions = Irregular or unintended emissions from sources which are not localised, or too diverse or
too small to be monitored individually, such as emissions from otherwise intact seals, valves, intermediate
compressor stations and intermediate storage facilities.
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o Leakage from the storage complex.

The Monitoring and Reporting Guidelines for CCS under the ETS describe the procedure for
quantifying potential CO, emissions from a storage project. Quantitative monitoring will be
triggered by evidence that migration has led to leakage resulting in emissions or release to the
water column. Emissions resulting from such a release of CO; into the water column shall be
deemed equal to the amount released to the water column.

Quantitative monitoring shall continue until corrective measures pursuant to the Storage
Directive (Article 16) have been taken and emissions or release into the water column can no
longer be detected.

Emissions and release to the water column shall be quantified as follows:
COZemitted [t COz] = z L C02 [t COz /d]
With summation from Tt t0 Teng, Where:

L CO;, = Mass of CO, emitted or released per calendar day due to the leakage.

For each calendar day in which leakage is monitored it shall be calculated as the average of the
mass leaked per hour [t CO,/h] multiplied by 24. The mass leaked per hour shall be determined
according to the provisions in the approved plan for quantitative monitoring. For each calendar
day prior to commencement of monitoring, the mass leaked per day shall be taken as equal the
mass on the first day of monitoring.

Tstat=  The latest of:

a. the last date when no emissions or release to the water column from the source
under consideration were reported,;

b. the date the CO; injection started;

c. another date such that there is evidence demonstrating to the satisfaction of the
competent authority that the emission or release to the water column cannot have
started before that date.

Tend=  The date by which corrective measures have been taken and emissions or release to the
water column can no longer be detected.

Other methods for quantification of emissions or release into the water column from leakages
can be applied if approved by the competent authority on the basis of providing a higher
accuracy than the above approach.

The amount of emissions leaked from the storage complex shall be quantified for each of the
leakage events with a maximum overall uncertainty over the reporting period of +7.5%.
However, if the overall uncertainty of the applied quantification approach exceeds the value of
+7.5%, an adjustment shall be applied, as follows:

COZ,Reported [t COZ] = COZ,Quamified [t COZ] * (1 + (UncertaintySystem /100) - 0.075)
Where:

C02 ,Reported

Amount of CO, to be included in the annual emission report with regards to
the leakage event in question

CO2 Quantified Amount of CO; determined through the used quantification method for the

leakage event in question

Uncertaintysystem = The level of uncertainty (%) which is associated with the quantification
method used for the leakage event in question.
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26 REGULATORY DEVELOPMENT IN THE UK

Following the publication of the EC Directive on CO, storage, the UK government has issued
two consultations:

“Towards Carbon Capture and Storage’ (URN 08/992), issued on 30 June 2008, and a response
(URN 09D/532) to that consultation published in April 2009.

‘Consultation on the proposed offshore carbon dioxide storage licensing regime’ (URN
09D/753), published on 25" September 2009. The closing date for responses to this latest
consultation was 30 December 2009.

2.6.1 UK Government’s position as indicated in responses to the ‘Towards Carbon
Capture and Storage’ Consultation

The responses to the June 2008 consultation indicated that monitoring would be required to
cover the subsurface volume affected by the CO, storage, rather than just the volume occupied
by the CO, plume itself. This recognised also that further review might be needed in the light of
practical experience and improved understanding of the behaviour of injected CO,. It was
therefore suggested that, at least initially, permits may be easier to grant for relatively confined
geological structures.

Although the EC Directive suggests that a minimum period of 20 years after the end of injection
should elapse before the Competent Authority is able to accept responsibility, unless all available
evidence indicates that the stored CO, will be completely and permanently contained before the
end of that period, the UK Government has indicated that, in practice, the UK intends to assess
the risks on a case by case basis. The period before transfer of responsibility will therefore be
determined for each project individually, depending on the behaviour of the store during
operation. It is clearly stated that the monitoring programme will provide the evidence to
determine if the objective of permanent containment has been met.

The duration and type of post-transfer monitoring will be determined by the nature and
behaviour of the store during operation. A ‘transfer fee’ may be imposed to cover the costs of
this monitoring.

2.6.2 UK Government’s position as indicated in the “Offshore Carbon Dioxide Storage
Licensing Regime” Consultation.

Broadly speaking, this consultation presents a description of how the UK CO, storage licensing
scheme is intended to work, and seeks views on a draft of the proposed regulations [for
implementing the EU Directive on CCS] and a draft licence. Following the consultation, DECC
is planning to issue guidance on applications for storage licences, which will provide further
detail on the kind of information required, including plans for monitoring.

Key highlights of relevance are:
e The applicant must provide a proposed monitoring plan.

e Responsibility for the site remains with the operator during the post closure phase of the
licence until DECC is satisfied on the basis of the monitoring reports and inspection that
the carbon dioxide within the storage site has stabilised as predicted and that permanent
containment has been achieved.

According to this, closure of the site, with removal of infrastructure and sealing of the wells,
would occur before handover to the authorities. However, this would restrict any subsequent
monitoring as there would no longer be access to the wells.

The following description of the monitoring plan is taken from the consultation:

The proposed monitoring plan which is to be submitted with the application should detail
monitoring of:
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e The injection facilities;

e The storage complex (including where possible the CO, plume) ; and, where
appropriate;

e The potential impact of the operations on the surrounding environment;
for the purpose of:

(@) Comparison between the actual and modelled behaviour of CO, and formation
water, in the storage site.

(b) Detecting significant irregularities.
(c) Detecting migration of COs,.
(d) Detecting leakage of CO.,.

(e) Detecting significant adverse effects for the surrounding environment, including
in particular on drinking water, for human populations, or for users of the
surrounding biosphere.

(f) Assessing the effectiveness of any corrective measures taken pursuant to Article
16.

(9) Updating the assessment of the safety and integrity of the storage complex in the
short- and long-term, including the assessment of whether the stored CO, will be
completely and permanently contained.

The applicant must submit a report at a frequency of not less than one per year that includes the
results on monitoring during the reporting period.

After a storage site has been closed according to the conditions stated in the permit, the operator
will remain responsible for maintenance, monitoring, control, reporting, and corrective measures
until the responsibility for the storage site is transferred to a competent authority. The operator
will also be responsible for sealing the storage site and removing the injection facilities.

2.6.3 Recent discussion on site closure and monitoring requirements

There is a certain lack of clarity currently on the exact timing of the closure and transfer of a
storage site. Once a storage site has been closed the operator remains “responsible for
maintenance, monitoring, control, reporting, and corrective measures until the responsibility for
the storage site is transferred to a competent authority”2. It is likely however, that once injection
has finished, the operator will wish to abandon the injection and monitoring wells and remove
any pipeline and platform or subsea template infrastructure as quickly as possible to reduce risks
(of leakage) and maintenance costs. It is not clear therefore whether the operator will be
required to maintain this infrastructure to enable continued post-injection monitoring or whether
DECC EDU will accept a more reduced (non-invasive) form of monitoring. For example,
monitoring of reservoir pressures, storage efficiencies (dissolution and residual trapping
processes) and observing CO, breakthrough would no longer be possible if well access was
removed. We have asked DECC EDU about this and they have indicated that: (i) they recognise
the interest of operators in reducing costs and uncertainty (though DECC EDU question whether
this will point to earlier or later decommissioning); (ii) they might wish, depending on the
particular site circumstances, to retain some wells and other relevant monitoring facilities for
some period after the cessation of injection, possibly including throughout the post-closure
period; (iii) they note that when applying for a storage permit, the operator must also submit a
draft post-closure plan, including decommissioning proposals and their proposed monitoring

2 A consultation on the proposed offshore carbon dioxide storage licensing regime, published by DECC URN
09D/.753, 25" September 2009.
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programme for the post-closure period — this will require detailed discussions during which
DECC EDU intend to provide as much clarity as possible; and (iv) that the post-closure plan is
required by the Directive to be regularly updated in the light of relevant new information
obtained from monitoring during injection and therefore complete certainty is only likely to be
obtained when the final decommissioning and post-closure monitoring plans are approved, after
cessation of injection (Kiff, R., pers. comm., March 2010).

2.7 SUMMARY AND REMARKS ON MONITORING REQUIREMENTS FOR
STORAGE SITES IN THE UK OFFSHORE AREA

The full monitoring philosophy of the Storage Directive and the OSPAR Guidelines are well
represented by one single statement, from the Storage Directive:

“Monitoring is essential in order to assess whether injected CO, is behaving as expected,
whether any migration or leakage occurs, and whether any identified leakage is damaging the
environment or human health....In the case of geological storage under-the seabed-, monitoring
should further be adapted to the specific conditions for the management CCS in the marine
environment.”

The MRG do not require monitoring additional to that required by the Directive and OSPAR
unless there is indication of leakage or potential leakage to the seawater. If this is the case,
monitoring techniques should be deployed which are capable of quantifying the
leakage/emissions to a specified level of uncertainty.

The IPCC Guidelines have a similar objective to those of the MRG in quantifying emissions to
the seawater.

The monitoring requirements of the three main regulatory instruments are set out in Table 2-1.

2.7.1 Acceptance Criteria

Significant gaps remain in understanding how the high-level principles set out in the regulations
will be implemented at real sites. A good example would be the requirements for transfer of
liability following site closure. The Directive sets out three minimum geological criteria for
transfer of liability:

e Actual (observed) behaviour of the injected CO, is conformable with the modelled
behaviour.

e No detectable leakage

e Site is evolving towards a situation of long-term stability.

The challenge we face is to define specific technical acceptance criteria, based on real site
performance data, to demonstrate that a given site meets these requirements. The main issues are
illustrated below:

Actual behaviour conformable with predicted

All current storage sites show mismatches of varying degree between the predictive modelled
behaviour and actual observed performance (e.g. 4D seismic from Sleipner, well breakthrough
times at Ketzin, pressure behaviour at K12-B, etc). The key to regulatory conformance is to
distinguish between mismatches which just reflect minor inaccuracies of model parameters and
those which arise from significant misunderstanding of site processes. The former are compatible
with closure and transfer of responsibility, the latter are not.

No detectable leakage

Leakage monitoring at a site, whether under the requirements of the Directive, or whether
triggered by more stringent ETS requirements, will nevertheless be subject to limitations and
uncertainty in leakage detection and measurement. A key issue therefore is whether the leakage
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detection and measurement uncertainty arising from whatever monitoring strategy is deployed at
the site is sufficient to allow transfer. This involves an integrated assessment of the whole (deep
and shallow) site monitoring system as well as the site characterisation. Initial acceptance criteria
for the demonstration of satisfactory leakage monitoring will need to be set at the time of site
licensing, but may be subject to adjustment thereafter as site understanding evolves.

Table 2-1: Summary monitoring objectives as set out in the OSPAR, Directive and EU
MRG regulations. * Reporting of leakage rates is mentioned in OSPAR but we assume any
such requirement would be subsumed within the MRG requirements.

. : MRG

OSPAR Directive (ETS) Remarks
Deep focussed monitoring objectives
Migration in reservoir Required
Migration in overburden Required
Performance testing and calibration and Requi
) . ; - equired
identification of irregularities
Containment integrity Required
Testing remedial actions Required
Calibration for long-term prediction Required
Shallow focussed monitoring
objectives
Verification of no leakage Required
Leakage detection Required
Environmental impacts Required
Emission quantification* Contingent

Site is evolving towards a situation of long-term stability

This criterion is perhaps the most challenging of all to demonstrate. Our experience of testing
predictive simulations is largely restricted to ongoing injection projects, and analogous research
results from oil and gas production. The longest post-injection projects are at Nagaoka in Japan
(4 years since injection ceased) and Frio in Texas (over 5 years since injection ceased). Time-
lapse well logging at Nagaoka (Section 10.4, Volume 2) has given important insights into post-
injection processes, but robust verification of medium to very long-term storage performance
prediction is missing.

Legal implementation of these technically-based guidelines may be challenging It is possible that
site-specific transfer conditions could be written into the licence requiring the government to
take back the site when they are met. This provision could help in encouraging operators to take
on the risk, whilst maintaining protection for the authorities e.g. if the monitoring results do not
exactly match the modelling.
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With regard to the requirements of the ETS for quantification of CO, emissions, there is clearly
a balance to be struck by an operator between highly sensitive, but expensive methods, that incur
little penalty in loss of storage credits, and cheaper, less sensitive techniques, which result in a
larger penalty.
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3 Review of four sites most relevant to the UK offshore

3.1 EXECUTIVE SUMMARY

This chapter presents a detailed examination of three experimental offshore CO, storage sites most
relevant to the development of storage in the UK offshore area. There is a comprehensive description of
each storage site, providing:

e Background information on the site’s history and reasons for its selection and development.

e A description of the site’s geological setting, including information on its stratigraphy and structure,
the properties of the reservoir, cap rock and overburden and the baseline surveys carried out or
proposed.

e A review of the site’s risk profile, considering migration through the cap rock, migration into well
bores, migration to strata or structures outside the site’s licence block, and the public relations aspects
of the work.

e A description of the monitoring programme put in place or proposed, covering all the monitoring
methods used and highlighting any site-specific requirements addressed.

e An assessment of how well the monitoring programme addressed the identified risks, the overall
effectiveness of the methods employed in meeting other monitoring objectives, such as management
of the reservoir and the injection process, and finally how well the monitoring programme would
stand up in the context of current and planned regulatory requirements (such as the EU Storage
Directive, OSPAR and emissions accounting under the ETS).

e Lastly, consideration is given to any additional work that could have been undertaken with the benefit
of hindsight.

A fourth site, Miller, was also studied, on the basis of confidential information provided by BP as
described below.

The Sleipner storage site is located in the Norwegian sector of the North Sea and is the oldest production-
scale test CO, storage site. Operation began in 1996 and is still active with over 11 Mt of CO, injected
into a saline aquifer. The geological structure is well-understood due to the development of the Sleipner
West gas field, from which extensive details of the reservoir properties were obtained along with baseline
surveys. Monitoring was designed to meet a risk profile based on understanding the subsurface migration
of injected CO,. The monitoring programme uses non-invasive technologies: 2D and 3D surface seismic,
seabed imaging and gravimetry, electromagnetic surveys and pressure measurement. 3D seismic and
gravimetry surveys have been repeated to provide time-lapse data, and pressure is monitored continuously
at the wellhead. The seismic and gravity surveys have been particularly effective. It is concluded that the
monitoring objectives and programme would be largely compliant with current regulatory requirements
apart from emissions accounting. However, as there are no indications of leakage, such monitoring would
not be needed under the regulations, although it would have to form part of a monitoring plan.

The Miller Oilfield lies in the UK sector of the North Sea about 240 km north east of Peterhead and was
proposed as a storage site in which the injected CO, would provide a drive for enhanced oil recovery
(CO,-EOR) from a depleted reservoir. The geological setting is well-understood from exploration and
development of the oilfield. Some baseline surveys were available from legacy data sets; however it was
proposed to carry out additional work to characterise the seabed and to provide a basis for the type of
leakage and environmental monitoring not undertaken at Sleipner. As the site did not progress beyond the
proposal stage the risk profile and monitoring plans remained incomplete. The main risks considered were
vertical migration and leakage around existing wells, and lateral migration into adjacent oilfields. It was
intended to use reservoir simulations of injection with the monitoring programme to address risk
mitigation and to manage the EOR. An important factor would be co-operation with the operators of
adjacent fields. The planned monitoring was much more extensive than that at Sleipner, with use of
invasive (downhole) methods, including geophysical logging, downhole pressure measurement, well fluid
and geochemical logging (with tracers) and use of some observation wells. Confidential information on
the proposed monitoring plan for Miller was provided by BP to assist the project team with understanding
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requirements for MMV for such a site. Details of the Miller plan are not therefore included in this report,
although some of the learnings from Miller are reflected in the generic plans presented in Chapter 8.

The first CO, storage test site in the Netherlands is at the K12-B natural gas field, in the Dutch sector of
the southern North Sea. The first injection tests were in 2004, and injection now continues at about 20 kt
per year into a depleted reservoir. The sandstone reservoir is capped by claystone and evaporites — a
geological setting characteristic of this part of the North Sea. Good baseline data is available and reservoir
modelling has been undertaken of this producing gas field. The risk profile notes the effectiveness of the
cap rock and rates upward migration as a low risk, with any leakage likely to be from loss of well
integrity. The monitoring programme was designed on this basis, with the additional objective of
providing information on CO, flow and mixing (with methane) within the reservoir. Integrity monitoring
was based on well imaging technologies and well pressure and temperature gradient profiling. Gas
migration and mixing were monitored using gas and water analysis, comparing injection with production,
chemical tracers and pressure profiling, with further reservoir modelling based on this data. A significant
difference with other monitoring regimes was the omission of seismic surveys, which were deemed
unlikely to be effective due to the small quantities being injected into a deep reservoir below a salt
caprock. Otherwise, the monitoring regime was assessed as good, with a useful test of the application of
reservoir modelling in the context of regulatory requirements to predict future site behaviour.

Finally the P-18 (and P-15) sites are also gas fields in the Dutch sector of the southern North Sea. They
are located a few tens of kilometres offshore, are nearly depleted, and could thus be a cost-effective site
for production-scale CO, storage. The geological setting has some similarities with K12-B, with a
sandstone reservoir capped and sealed by claystones, although here there may be more faulting. The
caprock is known to be gas-tight for methane and the risk of upward migration of injected CO, through it
is regarded as very low; however there is some risk of reactivation of faults providing leakage pathways.
Existing wellbores are also a leakage risk. Lateral migration is regarded as low-risk as the structure seems
to be well constrained. Monitoring plans are at a very early stage, but are being designed using current
best-practice around the risk profile and within the regulatory framework. Some of the existing wells will
be converted to observation wells, utilising a variety of downhole physical and chemical measurement
methods to monitor both migration within the reservoir and to detect leakage; leakage from the
observation wellbores themselves will also be monitored. Similar measurements will be made at the
injection wells, as permitted by injection operations. Seismic surveys will be used to monitor migration
and image the injection plume. Seabed imaging, with geochemical sampling backup, will be used to
detect any subsea leakage.

3.2 INTRODUCTION

Four sites representative of the range of offshore storage operations in the North Sea were
selected (Table 3-1). Two of these, Sleipner and K12-B are active injection sites, and P-18 is
earmarked for storage in the future. Miller was selected for injection but the project was
subsequently shelved. Because the plans for Miller have not been published we are unable to
present the details here, although they have been used to inform the generic monitoring plans for
this type of site in Chapter 8.

Table 3-1: Summary of four sites typical of UK North Sea storage sites.

Water depth |Storage type Storage depth |Relevance for UK storage
Sleipner (30 m Saline aguifer ~ 800 m Typical regional saline aguifer in Central / Morthern Morth Sea
Miller 100 m Depleted oil field |~ 4000 m Typical depleted oil field in Central / Marthern MNarth Sea
K12.B 30 m Depleted gas field |~ 3800 m Analogue for sub-salt UK depleted gas field
P-18 30m Depleted gas field |~ 3200 m Analogue for abave-salt Uk depleted gas field and southern Morth Sea aguifer

The selected sites cover a range of storage types and environmental conditions. The Sleipner
reservoir is a major offshore saline aquifer, the Utsira Sand, Miller a depleted oilfield, K12-B a
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depleted gas field beneath the Zechstein salt and P-18 a depleted gas field above the Zechstein
salt.

In addition to geological differences, the high-level monitoring objectives at the sites also differ
significantly. Figure 3-1 shows the monitoring objectives for Sleipner, K12-B and P18.

Sleipner | K12-B P18

Plume location v v v
Test predicitive models v v v
Migration in storage complex v v
Early warning of leakage v
Leakage measurement v
Public perception v

Well integrity v v

Performance monitoring

Leakage monitoring

Figure 3-1 High-level monitoring objectives at Sleipner, K12-B and P18

Sleipner is an operating site which commenced prior to the monitoring guidelines set out in the
Storage Directive. Sleipner also has a high research / demonstration component, based around a
number of major EU/industry research projects. Monitoring objectives at Sleipner are focussed
on imaging plume migration with respect to identified project risks and also to demonstrate
understanding of storage processes. Monitoring at Miller and P-18 was focussed on operational
aspects and meeting the regulatory requirements. K12-B is a small research project in a secure
site, so monitoring is designed to address specific research objectives.

As a consequence of the range of site types and monitoring objectives, the monitoring
programmes differ significantly between the sites. Figure 3-2 shows the monitoring programmes
for the Sleipner, K12-B and P18 sites.

Existing monitoring tools are described in Chapter 10, Volume 2, which builds on earlier
reviews in the literature. Tools can be subdivided into ‘deep-focussed’, for reservoir surveillance
and tracking of CO, in the subsurface, and ‘shallow-focussed’, for detection and measurement of
CO, migration or leakage, at or close to the surface. The deep-focussed tools are mainly mature oil
industry technologies, tested at a number of sites for CO, monitoring whereas the shallow
monitoring methodologies are more commonly novel and / or under development and relatively
untested for CO,.
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Figure 3-2: Monitoring tools deployed or planned for the three sites. Note wellhead P, T
monitoring is a mandatory requirement (M).

The key deep-focussed tools are surface seismic (3D or 2D), downhole pressure and temperature,
downhole logging and downhole fluid chemistry. The key shallow-focussed tools are some form
of seabed imaging, plus bubble-stream detection and analysis. Establishing well integrity is also
of major importance.

3.3 SLEIPNER

3.3.1 Background to the Sleipner storage operation

The CO;, injection operation at Sleipner commenced in 1996. It is the world’s longest-running
industrial-scale storage project, and so far is the only example of underground CO, storage
arising as a direct response to environmental legislation (Baklid et al., 1996). CO, separated
from natural gas produced from the Sleipner west gas field is injected into the much shallower
Utsira Sand, a regional-scale saline aquifer. The injection point is at a depth of about 1012 m
below sea level, some 200 m below the reservoir top, with over eleven million tonnes (Mt) of
CO;, currently stored.

3.3.2 Geological Setting

The geological setting of Sleipner is relatively simple. Details are set out in a number of
publications (e.g. Zweigel et al., 2004; Chadwick et al., 2004b). A brief summary will be given
here, setting out the key points.

3.3.2.1 STRUCTURE

The Utsira Sand forms the Sleipner storage reservoir and comprises a basinally-restricted deposit
of Mio-Pliocene age extending for more than 400 km north to south and between 50 and 100 km
east to west (Figure 3-3 and Figure 3-4). Its eastern and western limits are defined
stratigraphically; to the southwest it passes laterally into finer-grained sediments, and to the
north it occupies a narrow, deepening channel. Locally, particularly in the north, depositional
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patterns are quite complex with some isolated depocentres, and lesser areas of non-deposition
within the main depocentre. The top Utsira Sand surface generally varies quite smoothly in the
depth range 550 to 1500 m, and is around 800 — 900 m near Sleipner. Isopachs of the reservoir
sand define two main depocentres (Figure 3-3), one in the south, around Sleipner, where
thicknesses locally exceed 300 m, and another some 200 km to the north with thicknesses
approaching 200m.

50 km

Shetland
% lIsles (UK)

Fm'f

3

;’I Sleipner injection
point

Figure 3-3: Thickness map of the Utsira Sand showing the location of Sleipner (image
courtesy British Geological Survey).

Figure 3-4: Regional 2D seismic line through the Utsira Sand (note very strong vertical
exaggeration). From CO,STORE, 2008

In the immediate vicinity of Sleipner the detailed structure was mapped using some 770 km? of
3D seismic data. The top of the Utsira Sand dips generally to the south, but in detail it is gently
undulatory with small domes and valleys. The Sleipner CO; injection point is located beneath a
small domal feature that rises about 12 m above the surrounding area (Figure 3-5). The base of
the Utsira Sand is structurally more complex, and is characterised by the presence of numerous
mounds, interpreted as mud diapirs. These are commonly about 100 m high and are mapped as
isolated, circular domes typically 1 — 2 km in diameter, or irregular, elongate bodies with varying
orientations, up to 10 km long. The mud diapirism is associated with local, predominantly
reverse, faulting that cuts the base of the Utsira Sand, but does not appear to affect the upper
parts of the reservoir or its caprock.
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domal structure above
injection point

Figure 3-5: Perspective view of the top and base of the Utsira Sand around the injection
point, based on 3D seismic. Note the small domal structure above the injection point. Image
adapted from CO,STORE, 2008

3.3.2.2 RESERVOIR PROPERTIES

Internally the Utsira Sand comprises stacked overlapping ‘mounds’ of very low relief,
interpreted as individual fan-lobes and commonly separated by thin intra-reservoir mudstone
beds. It is interpreted as a composite low-stand fan, deposited by mass flows in a marine
environment with water-depths of 100 m or more.

On geophysical logs the Utsira Sand characteristically shows a sharp top and base (Figure 3-6),
with the proportion of clean sand in the reservoir unit varying generally between 70 and 100 %.
The non-sand fraction corresponds mostly to the thin mudstones (typically about 1m thick),
which show as peaks on the gamma-ray and resistivity logs. In the Sleipner area, a thicker
mudstone, some 5m thick (here termed the ‘five-metre mudstone’ separates the uppermost sand
unit from the main reservoir beneath (Figure 3-6). The mudstone layers constitute important
permeability barriers within the reservoir sand, and have proved to have a significant effect on
CO, migration through the reservoir.
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Figure 3-6: Sample geophyswal logs through the Utsira Sand from two wells in the
Sleipner area. Note the low y-ray signature of the Utsira Sand, with peaks denoting the
intra-reservoir mudstones (adapted from CO,STORE, 2008).

Macroscopic and microscopic analysis of core and cuttings samples of the Utsira Sand show it to
be mostly fine-grained and largely uncemented. Porosity estimates of core based on microscopy
range generally from 27% to 31%, locally up to 42%. Laboratory experiments on the core give
porosities from 35 - 42.5%. These results are broadly consistent with regional porosity estimates,
based on geophysical logs, which are quite uniform, in the range 35 to 40% over much of the
reservoir. Permeabilities are correspondingly high with measured values (from both core testing
and water-production testing) ranging from around 1 to 8 Darcies).

3.3.2.3 OVERBURDEN PROPERTIES

The overburden of the Utsira reservoir around Sleipner is about seven hundred metres thick, and
can be divided into three main units (Figure 3-4). The Lower Seal is the primary reservoir
caprock and forms a basin-restricted mudstone some 50 to 100 m thick, extending more than 50
km west and 40 km east beyond the area currently occupied by the CO, injected at Sleipner.
This is well beyond the predicted final migration distance of the total volume of injected CO,
(Zweigel et al., 2001). The Middle Seal mostly comprises prograding sediment wedges of
Pliocene age, dominantly muddy in the basin centre, but coarsening into a sandier facies both
upwards and towards the basin margins. The Upper Seal is of Quaternary age, mostly glacio-
marine clays and glacial tills.

The seismic, geophysical log and cuttings data enable many overburden properties to be
characterized and mapped on a broad scale. Cuttings samples from wells in the vicinity of
Sleipner comprise dominantly grey clayey silts or silty clays, classified as non-organic
mudshales and mudstones (Krushin, 1997). Although the presence of small quantities of smectite
may invalidate the approach, XRD-determined quartz contents suggest displacement pore throat
diameters in the range 14 to 40 nm, consistent with capillary entry pressures of between about 2
and 5.5 MPa (Krushin, 1997). In addition, the predominant clay fabric with limited grain support
resembles type ‘A’ or type ‘B’ seals (Sneider et al., 1997), stated to be capable of supporting a
column of 35° API oil greater than 150 m in height.

A core sample was obtained from the lower seal in 2002 (Figure 3-7). The core material is
typically a grey to dark grey silty mudstone, uncemented and quite plastic, and generally
homogeneous with only weak indications of bedding. It contains occasional mica flakes,
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individual rock grains up to three mm in diameter and a few shell fragments. XRD-determined
quartz contents suggest displacement pore throat diameters in the range 2.2 to 21 nm (Kemp et
al., 2002), similar values to those of the cuttings samples from other wells, and suggesting
capillary entry pressures to supercritical CO, of between 3.4 and 37 MPa .
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Figure 3-7: Core sample from the Lower Seal (a) with its location indicated on well logs
(b), some 20 m above the Utsira Sand (image courtesy British Geological Survey).

The core has been subjected to a number of testing procedures including geomechanics (Pillitteri
et al., 2003) and flow transport testing with nitrogen and supercritical CO,. Long-term hydraulic
and nitrogen gas transport testing (Harrington et al., 2006: in press) on the caprock core at
reservoir P, T conditions, indicates porosities in the range 32% to 38%, intrinsic permeabilities
ranging from 4 x 10™° m? vertical to 1 x 10™"® m? horizontal, and a capillary entry pressure to
nitrogen of around 3 MPa. A parallel study on the core (Springer et al., 2005) showed in situ
porosity of ~35% and vertical intrinsic permeability e in the range 7.5 - 15 x 10™° m? slightly
higher than in the study by Harrington et al., presumably due to a lower clay content in the
samples used in the second study. Capillary entry pressure was 3 - 3.5 MPa to both nitrogen and
gaseous CO,, and ~1.7 MPa to supercritical CO,. This is consistent with a suggested tendency of
supercritical CO;, to exhibit a degree of wetting behaviour.

Induced adverse geomechanical effects on topseal integrity are likely to be small, as predicted
injection pressures are considered unlikely to induce either dilation of incipient fractures or
induce microseismicity (Fabriol, 2001; Zweigel & Heill, 2003).

3.3.3 Risk profile

The risk profile discussed here includes all significant issues associated with the subsurface
migration of CO,. It does not include environmental impacts, such as might form part of an EIA,
nor health and safety issues associated with failure of surface/underwater infrastructure.

The risk profile at Sleipner is relatively straightforward, and reflects the simple geological

setting. Key risks are listed below:

3.3.3.1 MIGRATION THROUGH THE CAPROCK SEAL INTO THE OVERBURDEN AND ULTIMATELY TO
THE SEABED.

This risk can be subdivided into four elements:

Migration through intact rocks: This is considered to be very unlikely given the high capillary
entry pressures of water-saturated caprock strata (see above).
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Migration through intact rocks with impaired capillary sealing capacity: Such a situation could
arise if the caprocks were not water saturated, such as within a pre-existing gas-chimney.
However even if this were the case, the low intrinsic permeability of the caprock strata (see
above) should result in very slow rates of migration.

Migration through pre-existing fractures or faults: Migration of CO, along faults, particularly
those in a state of near critical stress, is generically perceived as a significant storage risk.
However at Sleipner, characterisation of the overburden from 3D seismic data shows that faults
with throws of more than a few metres are not present. Small faults beneath the seismic detection
threshold may be present but well-established scaling relationships indicate that such faults
would have very limited lateral and vertical extent, far from sufficient to penetrate to the seabed.

Migration through induced fractures: New fracture pathways may be induced in the overburden
if reservoir pressures increase beyond a critical threshold. At Sleipner this is considered unlikely
due to the large size and high permeability of the reservoir, and the relatively modest amounts of
CO;, to be injected (see above).

Risk management

Monitor for changes in the overburden. Monitor CO, migration in the reservoir. Monitor
reservoir pressures.

3.3.3.2 MIGRATION INTO WELLBORES RESULTING IN LEAKAGE PATHWAYS TO THE SEABED

This is considered unlikely in the short-term due to the topography of the topseal which tends to
keep the buoyantly-trapped CO, away from the nearer wells. In the longer term as more CO,
accumulates towards the reservoir top and lateral migration continues, some abandoned wells
may be reached by the plume.

Risk management

Make predictive models of lateral spread of CO, with time. Monitor CO, migration in the
reservoir to identify developing situations with respect to the wells.

3.3.3.3 MIGRATION OF CO;, OUTSIDE OF THE SLEIPNER LICENCE

The plume could impact on third party wellbores and may also compromise future external
activities (such as by making drilling through the Utsira reservoir more costly, or by blanking
seismic signals beneath the plume).

Risk Management

Make predictive models of lateral spread of CO, with time. Monitor CO, migration in the
reservoir to identify developing situations with respect to the wells.

3.3.3.4 4. GENERIC PUBLIC RELATIONS ISSUES

Imperfect understanding of storage could result in inaccurate or poorly — informed criticism of
the site from external parties.

Risk Management

Monitor site performance to demonstrate a thorough understanding of storage processes. Monitor
for leakage.

3.3.4 Monitoring Programme at Sleipner

A major time-lapse monitoring programme has been carried out at Sleipner, with a strong
emphasis on deep-focussed tools monitoring the CO, in the reservoir (Table 3-2). All the
monitoring is non-invasive, with no downhole monitoring deployments. The time-lapse
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monitoring frequency is very high for some of the tools (notably 3D surface seismic). This
reflects the fact that the Sleipner injection project has a large research component with
significant additional funding for acquiring monitoring datasets. The strict operational
requirements for monitoring the CO,, storage project would be much less stringent.

Table 3-2: Monitoring at Sleipner

1994]1995] 1996 J1997]1998]1999]2000] 2001] 2002 |2003]2004] 2005 | 2006]2007] 2008 | 2009
3D surface seismic v v v v v v v
2D surface seismic (hi-res) 4
Seabed imaging (ss sonar, multibeam) 4
Seabed gravity v v v
CSEM v
Wellhead pressure continuous
Cumulative CO, injected at TL surveys (Mt) 0.00 i"if:ﬂg" 235 4.25 ;‘ji’gﬁfﬁ 684 | 774 | 840 1&;5(;2) 11.05

3.3.4.1 3D SURFACE SEISMIC

Time-lapse surface 3D seismic surveys have been acquired in 1994 (baseline), 1999, 2001, 2002,
2004, 2006 and 2008. Results from a subset of the full time-lapse ensemble are shown in Figure
3-8. Details of the CO, distribution in the reservoir are clearly evident. In cross-section the CO,
plume is seen to be roughly 200 m high, imaged as a number of bright sub-horizontal reflections
within the reservoir, growing with time. These are interpreted as tuned wavelets arising from thin
(mostly < 8 m thick) layers of CO, trapped beneath thin intra-reservoir mudstones and the
reservoir caprock. In plan view the plume is elliptical, with a major axis increasing to over 3000
m by 2006, accompanied by development of a prominent northerly extension since 2004.

1994 2001 2004 2006 g N oauR e

Figure 3-8: Time-lapse images of the CO, plume at Sleipner a) N-S inline through the
plume b) map of total plume reflectivity (Courtesy British Geological Survey))
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A number of publications deal with the analysis of the Sleipner datasets. Early papers
concentrated on quantification of the seismic signal with the aim of independently verifying the
measured injected amount of CO, (Arts et al.,, 2004, Chadwick et al., 2004a; 2005). A
satisfactory match was obtained; a saturation model for the 1999 dataset was derived which
contained around 85% of the known injected CO, whilst maintaining a satisfactory match with
the seismic data (Figure 3-9). Given that reservoir flow simulations suggest up to 10 % of the
free CO, would have dissolved into the aqueous phase (thereby becoming seismically invisible),
this may be considered a remarkably accurate result. It is fair to say though that significant
uncertainties render a unique verification very challenging, most notably the differing seismic
responses of uniform and ‘patchy’ mixing of the CO, and aqueous phases in the reservoir and
the effects of signal attenuation in the deeper parts of the plume.
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Figure 3-9: Seismic quantification of the 1999 dataset a) E-W seismic section through the
1999 plume b) same section extracted from 3D CO, saturation model c¢) synthetic
seismogram generated from the CO, saturations (courtesy British Geological Survey).

Other publications concentrated on history-matching flow simulations of plume development
with the observed datasets (Lindeberg and Bergmo, 2003, VVan der Meer, 2001). A general match
of plume development and flow simulations is readily obtainable (Figure 3-10). However a key
issue is understanding how the CO;, is transported through the intra-reservoir mudstones. One
group of models assumes that the mudstones are semi-permeable, another group of models
assumes that they are impermeable but with holes. Well logs (Figure 3-6) suggest that they have
similar properties to the caprock, so they should be more or less impermeable. Both models are
capable of reproducing the general morphology and rate of development of the plume.

Figure 3-10: Flow simulations of the Sleipner plume a) Plume simulation 1999 using 8
semi-permeable intra-reservoir mudstones b) Plume simulation 2001 using 5 impermeable
intra-reservoir mudstones with discrete holes c) interpreted seismic horizons
corresponding to CO; layers in (b). Diagrams courtesy of Bert van der Meer and
CO,STORE, 2008.
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The most recent publications on Sleipner (e.g. Chadwick et al., 2009b) have concentrated on
detailed quantitative analysis of the topmost layer of CO, (Figure 3-11). This is for two main
reasons. Firstly the lower layers in the plume are becoming progressively less distinct with time
(so full plume history-matching is becoming less practicable. Secondly, the lateral spread
beneath the caprock of the topmost layer is the key pointer to the longer-term behaviour of the
storage site (see below).

A~ - = —

Figure 3-11: Growth of the topmost layer at Sleipner a) — e) plan views of the layer
spreading from 1999 to 2006. Perspective view of the topography of the top reservoir,
showing the gas (CO;) — water contacts in 2001 (red), 2004 (purple) and 2006 (blue)
(courtesy British Geological Survey).

Detailed quantitative analysis of the layer has been history-matched against numerical flow
simulations (Figure 3-12). There are significant mismatches, most notably arising from the
difficulty in modelling the very rapid northward migration of the plume between 2001 and 2006.
Assessment of parameter variability and uncertainties suggests that the main cause of this
mismatch is very small errors in the depth imaging of the reservoir top topography, rather than
any significant misunderstanding of the physical processes controlling lateral migration
(Chadwick & Noy, in press).
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Figure 3-12: Topmost layer in 2006 a) observed b) to d) flow simulations using variable
reservoir flow parameters (courtesy British Geological Survey).

Alternative approaches have been used to obtain additional quantitative information from the 3D
datasets, including pre- and post-stack trace inversion and more recent model-based inversion
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described in Delepine et al. (2009). The inversion approaches all suffer from the difficulty in
accounting for tuning effects from very thin layers of CO,. Ongoing work on the Sleipner
datasets is using spectral decomposition to further constrain layer thicknesses and velocity, and
is also looking in more detail at amplitude — offset changes to extract elastic parameters as well
as acoustic information from the plume reflectivity.

In general terms it appears that the more recent Sleipner datasets are becoming more difficult to
model. With time, reflectivity in the deeper plume is fading and velocity pushdown is becoming
more difficult to map (Figure 3-8). These may be seismic imaging effects arising from generally
increasing CO, saturations within the plume envelope, or may signify real and significant
changes in CO;, distribution in the deeper part of the plume.

In addition to imaging the CO, plume within the reservoir, a key objective of the time-lapse
seismic is to indicate whether any detectable migration of CO; into the caprock has occurred (in
other words, whether CO, is being contained within the primary reservoir). The most
straightforward way of assessing this is to look at difference datasets, obtained by subtracting the
baseline cube from a time-lapse cube. Close examination of the difference cubes in the
overburden succession can reveal whether any systematic changes have occurred which may be
indicative of CO, migration. Examples of difference time-slices in the caprock succession
(Figure 3-13) typically show a rather random difference signal with a characteristic mottled
appearance. This difference signal is referred to as repeatability noise and is due to unavoidable
mismatches between the baseline and the repeat survey, with a number of causes including
different source/receiver properties and positioning, different ambient noise conditions, different
tidal states etc. Repeatability noise is weakly correlated with reflectivity arising from the
geological succession, as survey positioning mismatches will tend to adumbrate this.

1 e .
s - 77 ok %
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Figure 3-13: Time-slices through successive difference cubes, located in the overburden
above the Utsira reservoir. The mottled signal is composed of repeatability noise which
shows no systematic correlation with the location of the CO, plume (black polygon). The
2004 survey was acquired with ship lines perpendicular to the other surveys, so ray paths
are completely different and the intrinsic mismatch is much higher, giving a much higher
level of repeatability noise (courtesy British Geological Survey).
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Figure 3-14: Detection limits for small amounts of CO; at Sleipner a) Time-slice map of
the 1999-94 difference data showing reflection amplitude changes at the top Utsira Sand.
High amplitudes (paler greys) correspond to two small CO, accumulations. Other
scattered amplitudes are due to repeatability noise. b) to d) Histograms plotting number of
seismic traces against reflection amplitude (courtesy British Geological Survey).
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The potential detection capability of the Sleipner data can be illustrated by examining differences
in time-lapse data between the 1994 baseline survey and the first repeat in 1999 when two small
lenses of CO; had just started to accumulate beneath the caprock seal (Figure 3-14). From the
reflection amplitudes, the volumes of the two accumulations can be estimated at about 14000 and
11500 m® respectively. Other seismic features on the difference map are down to repeatability
noise. It is clear that repeatability plays a key role in determining detectability, so for a patch of
CO; to be identifiable it must be distinguishable from the largest noise peaks. Preliminary
analysis of the difference signal from CO, compared with repeatability noise (Figure 3-14)
suggests that accumulations larger than about 4000 m® should fulfil this criterion.

3.3.4.2 2D SURFACE SEISMIC

A single survey of 2D surface seismic was acquired at Sleipner in 2006. Configuration was in the
form of a number of parallel profiles oriented NNE over the CO, plume with additional lines
arranged in a star arrangement centred on the plume (Figure 3-15).
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2D hirss L 1

Figure 3-15: 2D surface seismic data a) location of 2D survey compared to 3D survey
(main rectangle), footprint of 2006 plume showed in green b) 2D line through the plume c)
equivalent section extracted from the 3D cube (courtesy British Geological Survey).

Acquisition of the 2D survey was with a relatively inexpensive vessel acquiring high resolution
‘site survey’ data, rather than a full 2D exploration setup. The dominant frequency of the 2D data
is 55Hz, rather than the 30 Hz of the 3D data (Figure 3-16).
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Figure 3-16: Seismic wavelets derived from the 2006 seismic surveys (courtesy British
Geological Survey).

Data quality was good, with superior resolution of the uppermost parts of the plume compared to
the 3D datasets (Figure 3-15b, ¢). Imaging of the deeper plume on the 2D data however is not as
good as with the 3D data, due to poorer signal penetration and less effective rejection of
multiples. The 2D data has cast some light on detailed structure in the uppermost plume layers,
including explicit imaging of the base of the topmost layer; the 3D data is mostly characterised
by tuning wavelets from the CO; layer.
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3.3.4.3 SEABOTTOM GRAVITY

An initial seabed gravity survey was acquired at Sleipner in 2002 (Nooner et al., 2006), with
5.19 Mt of CO; injected. Repeat surveys were then acquired in 2005 with 7.74 Mt of CO,
injected and in 2009 with 11.05 Mt of CO, injected. The surveys were based around pre-
positioned concrete benchmarks on the seafloor that served as reference locations for the
(repeated) gravity measurements. Relative gravity and water pressure readings were taken at
each benchmark by a customised gravimetry and pressure measurement module mounted on a
Remotely Operated Vehicle (Figure 3-17). Thirty concrete benchmarked survey stations were
deployed in two perpendicular lines, spanning an area of about 7 km east-west and 3 km north-
south and overlapping the subsurface footprint of the CO, plume (Figure 3-17), a number of
additional stations were added for the 2009 survey to allow for the increased plume footprint.
Each survey station was visited at least three times to better constrain instrument drift and other
errors, resulting in a single station repeatability of about 4 uGal. For time-lapse measurements an
additional uncertainty of 1-2 pGal is associated with the reference null level. The final detection
threshold for Sleipner is therefore estimated at about 5 pGal.

For the 2002 and 2005 datasets the gravimetric response due to the additional CO, was obtained
by calculating the gravimetric time-lapse response from the Sleipner East field (the deeper gas
reservoir currently in production) and removing this from the measured gravity changes between
2002 and 2005. So far, gravity modelling has focussed on constraining the in situ density of
CO,, which has constituted a significant uncertainty in the quantitative seismic analysis (see
section below on temperature measurements). Initial modelling (Nooner et al., 2006) concluded
that the average CO, density in the plume was around 530 kgm™. However, more recent
modelling, based on optimising several parameters simultaneously and with improved
application of the various data corrections (Alnes et al., 2008), has derived a preferred CO,
density of 760 kgm™ (Figure 3-18). The 2009 dataset will likely show a much more significant
time-lapse signal than the 2005 dataset, so hopefully modelling results will be more accurate.
Analysis is ongoing.

size of CO, plume

& in2001

Figure 3-17: a) ROV and seabed gravimeter deployed at Sleipner b) location of the
gravimetry benchmarks with respect to the CO, plume footprint. Image courtesy of Ola
Eiken (Statoil).
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Figure 3-18: Observed gravity changes at Sleipner from 2002 to 2005 and modelling
results. Dashed lines indicate modelled gravity with CO, densities from 500 to 800 kgm™.
Solid lines shows best fit for a CO- density of 760 kgm™ (adapted from Alnes et al., 2008,
image reproduced with permission of the Society of Exploration Geophysicists).

3.3.4.4 SEABOTTOM EM

Electromagnetic wave propagation depends on resistivity of the subsurface so in principle, in a
brine-filled reservoir, Controlled Source Electro Magnetic (CSEM) data can map out changes in
the distribution of (low conductivity) CO,, albeit at much lower resolutions than seismic.

A seabottom CSEM survey was acquired at Sleipner in 2008. A 2D profile was recorded roughly
along the long axis of the CO, plume (Figure 3-19), comprising 20 stations 500m apart, in places
shifted slightly to avoid seafloor infrastructure (pipelines, gravity benchmarks etc). Two tows
were carried out, one at frequencies from 0.5 to 7 Hz, the second at frequencies of 0.25 to 3.5
Hz.
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Figure 3-19: Location of the seabottom CSEM survey profile with respect to the CO,
plume (in colour). Image courtesy of Havard Alnes
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The data quality is good with no indication of interference/noise from seafloor infrastructure.
Initial processing of the data however shows equivocal results and it is too early to say whether
the CO, plume has been detected by the survey.

3.3.4.5 PRESSURE AND TEMPERATURE

Although no reservoir pressure readings have been taken at Sleipner, wellhead pressures have
been measured since the start of injection in 1996 (Figure 3-20).
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Figure 3-20: Wellhead pressures measured at Sleipner, 1996 to 2007. Image courtesy of
Ola Eiken (Statoil).

Two prominent features in the measured data are irregularly high pressures for the first few
months and a high pressure excursion from late 2001 to early 2003. These were caused by
specific technical problems related to the injection infrastructure: the former due to sand
blocking the perforation screens, an issue that was subsequently remediated, and the latter due to
irregular wellhead thermostatic temperature control (see below). Setting aside these anomalous
readings, the wellhead data indicate early wellhead pressures of around 6.2 MPa (1997 to 2001)
with rather higher pressures of around 6.4 MPa from about 2005 onwards.

Neglecting frictional effects associated with fluid transport down the well, downhole pressure at
the injection point (approximating to near-wellbore formation pressure) is a function of the
wellhead pressure and the weight of the CO, column in the wellbore:

z
P =Rw + g.[o p(Z)dZ
Where:
P, =downhole pressure at the injection point (depth Z)
Pwn = wellhead pressure (measured)
g = acceleration due to gravity

p (2) = density of the injected CO, in the wellbore at depth z

Downhole pressure therefore depends on the density of the CO, column in the wellbore, which
varies with temperature. Early in the injection history, CO, temperatures at the wellhead were
held around 23 °C (Korbgl & Kaddour, 1994), but from early 2005, measurements show accurate
thermostatic control at 25 °C (Figure 3-20). Downhole temperature measurements are not
available, but calculations assuming adiabatic compression indicate that the CO, would be
heated by about 32 °C adiabatically as it moves down the wellbore to the injection point (Ola
Eiken, Statoil, personal communication).
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Looking first at the most recent pressure measurements where wellhead temperatures have been
tightly controlled (Figure 3-20), it is clear that from early 2005 onwards there has been
negligible systematic increase in wellhead pressure. It follows that downhole (and by implication
reservoir) pressures have not increased significantly either.

To assess the longer-term observed wellhead pressure increase from 6.2 to 6.4 MPa, it is
instructive to examine the effect of temperature changes on the CO, column in the wellbore.
Assuming that the measured wellhead temperature increase, from 23 °C to 25 °C, is propagated
down the temperature profile in the wellbore, CO, properties can be calculated using an
equation-of-state. Densities calculated for a wellbore fluid column comprising 98% CO, and 2%
CH, (approximating the average injectant composition at Sleipner) indicate that a 2 °C increase
in wellhead temperature would reduce average density in the CO, column by about 9 kgm=,
thereby reducing the pressure due to the column by about 0.1 MPa. Thus, to maintain pressure at
the injection point, wellhead pressures would have to be increased by the same amount. This can
explain about half of the observed change in wellhead pressure, possibly more, acknowledging
parameter uncertainty.

In addition to wellhead temperature changes, a longer-term effect concerns heat loss from the
wellbore to the surrounding (cooler) rock formations. Heat loss would have been greatest at the
start of injection, with a wellbore wallrock temperature profile rather cooler than the adiabatic.
Since then, as the wellbore rock walls have gradually warmed, the temperature profile within the
wellbore will also have increased, to progressively approach adiabatic. This would have the
effect of decreasing column densities with time, reducing the pressure due to the wellbore
column and increasing the wellhead pressure necessary to maintain downhole pressure. This
effect would augment the effects of wellhead temperature change described above.

To conclude, it is likely that the wellhead pressure measurements at Sleipner are consistent with
negligible pressure increase in the reservoir. In recent times, with wellhead temperatures closely
controlled, wellhead pressures have remained roughly constant. The measured small increase in
wellhead pressure in the longer term is explicable in terms of temperature changes of the CO,
column in the wellbore. Very little, if any, increase in downhole pressure can be inferred from
the wellhead measurements. This is consistent with the results of flow simulations which
indicate that the Utsira Sand is behaving as a very large aquifer with negligible internal flow
barriers (Chadwick et al., 2009a).

There is no active temperature monitoring in the Utsira reservoir. Prior to injection a single
downhole measurement of 36 °C was obtained from a depth of 1056 m. Subsequent to this
Statoil carried out thermal modelling based on better constrained temperature measurements
from the much deeper Sleipner gas reservoir. These indicated significantly higher temperatures
with a best estimate of the temperature at the injection depth (1012 m bsl) of around 41 °C
(Statoil personal communication 2005). Still more recently however, in late 2007, large scale
water production commenced from the Utsira Sand at the Volve field, a few kilometres to the
north of Sleipner. A near-equilibrium temperature of 27.7°C was recorded at a depth of 768m,
with a dynamic temperature reading of 32.2°C in water produced from a reservoir interval of
between 886 and 1009 m. These figures strongly support the initial downhole measurement.

3.3.4.6 SEABED IMAGING

Seabed imaging profiles (sidescan sonar, single beam and multibeam echo sounding and pinger
seabottom profiler) were acquired along the lines of the high resolution 2D profiles. A seabed
bathymetry image from multibeam echo sounding is shown in Figure 3-21. Highest resolution
was obtained from the sidescan sonar, which was able to detect the benchmarks set for the
seabed gravimetry survey (about 1.5 meters in diameter). A simple interpretation has been
carried out by the contractor who states that no evidence of gas leakage was detected.
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Figure 3-21: Multibeam echo sounding image of the seafloor above Sleipner (the echo
sounding swaths were acquired along the same lines as the 2D seismic survey (Figure 4-19).
a) whole survey b) zooming in on the area above the injection point, showing small seabed
features. Image courtesy of Ola Eiken (Statoil).

3.3.4.7 UNDERWATER VIDEO

Comprehensive video footage has been taken from the ROV used to deploy the gravity meter.

This has not been analysed in detail, but anecdotal evidence suggests that nothing untoward

(bubble streams etc) has been noticed.

3.3.5 The extent to which the monitoring programme addresses the key risks at Sleipner

The monitoring programme at Sleipner has addressed all of the identified risks to varying

degrees, discussed below.

3.3.5.1 MIGRATION THROUGH THE CAPROCK SEAL INTO THE OVERBURDEN AND ULTIMATELY TO
THE SEABED.

The 3D surface seismic (Figure 3-22), combined with the site characterisation data, provide the
key evidence for demonstrating caprock and overburden integrity.
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Figure 3-22: Subset of the 2006 3D seismic cube showing the plume in the reservoir and
imaging of the overburden (courtesy British Geological Survey).

The surface seismic provides continuous and uniform 3D coverage of the reservoir and
overburden albeit with a finite resolution and detection capability (see above). At the current
time, no changes have been seen in the overburden which would suggest upward migration of
CO, from the reservoir. Site characterisation data indicate that the topseal (Lower Seal) is
laterally uniform (from seismic, well logs and well cuttings), and laboratory determinations on
core indicate that it forms a capillary seal. Taken together, the monitoring and characterisation
data are strongly indicative of secure containment.

Secondary evidence of containment, that CO, has not migrated to seabed, is provided by the
seabed imaging datasets which show no unusual features. Only one vintage of surveys has been
acquired so far however. Acquiring repeat seabottom datasets may provide stronger evidence,
particularly from the public perception viewpoint. However, experience from the repeat seabed
gravity surveys (notably changing benchmark elevations) suggest that the seabed sediments are
quite mobile in the Sleipner area, due to significant bottom currents. This would weaken the
time-lapse potential of seabed imaging.

A third, albeit somewhat circumstantial, line of evidence pointing to a secure topseal lies in the
motion of the CO, within the reservoir itself. The observed rapid lateral migration of CO,
beneath the topseal (around 1 m /day between 2001 and 2006) is not consistent with migration of
CO;, into the topseal, but rather suggests a sharp, impermeable flow barrier (Chadwick & Noy, in
press).

3.3.5.2 MIGRATION INTO WELLBORES RESULTING IN LEAKAGE PATHWAYS TO THE SEABED

The approach for ensuring that CO, is not impinging on wellbores is based around predictive
simulations supported by monitoring. Migration modelling carried out in the SACS project was
used to investigate whether or when CO, would be expected to approach existing wellbores
(Figure 3-23). Predictions used SEMI, a simple buoyancy migration simulator (Zweigel et al.,
2001). SEMI does not include migration retarding effects such as capillary trapping or
dissolution, so migration estimates can be considered to be intrinsically conservative from a risk
assessment viewpoint.
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Figure 3-23: Predicted migration pathways for CO, migration and wellbore locations a)
beneath the reservoir topseal (~5Mt in place before the CO; leaves the 3D area) b) ~20Mt
of CO; in place beneath the 5-metre thick mudstone. Image from CO,STORE, 2008.

SEMI predictions were based on the assumption that CO, would ultimately gather in the upper
part of the reservoir via two possible scenarios: most lateral spread would occur beneath the
Utsira topseal or that most spread would take place beneath the 5-metre mudstone or a
combination of the two. Both scenarios suggest that the nearest well (15/9-13) to the injection
point will not be impacted by CO,, which migrates away to the north. Later in plume evolution,
if substantial amounts of CO, accumulate beneath the 5-metre mudstone, wells to the west (15/9-
11 and 15/0-16) may be impacted. If most CO, accumulates beneath the topseal then the CO,
will migrate northward then eastward out of the 4D survey area.

Current time-lapse monitoring gives very precise imaging of CO, migration beneath both the
topseal (e.g. Figure 3-11) and also beneath the 5-metre mudstone. It is clear that substantial
amounts of CO, are accumulating at both levels. At the current time no wellbores are under
threat and CO; is not likely to leave the 4D survey area in the near future. Continued time-lapse
monitoring will be required however, coupled to updating of predictive models, and an extended
baseline dataset may be required at some stage.

3.3.5.3 MIGRATION OF CO;, OUTSIDE THE SLEIPNER LICENCE

The overall approach to monitoring possible migration of CO, out of the Sleipner licence is
identical to that adopted for monitoring encroachment onto wellbores — predictive simulation and
seismic monitoring.
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The edge of the Sleipner licence is 3.3 km to the east of the injection point - nearly 2 km further
east than the eastern edge of the current 4D survey area. There appears to be no near-term risk
therefore of CO, migrating outside of the licence area.

3.3.5.4 GENERIC PUBLIC RELATIONS ISSUES

Because the Sleipner injection operation is offshore and closely connected with ongoing
hydrocarbons production, it does not seem to have attracted much adverse public attention. It is
clear however that potentially serious public relations issues can arise suddenly and
unexpectedly and monitoring data can be vital for setting minds at rest.

A good example of this was a recent article published in the magazine New Scientist, which
suggested that CO, injection at Sleipner had triggered a Magnitude 4 earthquake in 2008. The
article further suggested that if the earthquake had been much larger there would have been a
risk of tsunami. The source for this rumour appears to have been a consultant based in
California.

Microseismic monitoring is not carried out Sleipner for a number of reasons, both practical and
scientific. There is no suitable monitoring well (to be effective microseismic monitoring really
needs to be deployed downhole), the predicted injection-induced pressure increase is far below
the level likely to induce geomechanical effects and in situ stresses are similarly low, rendering
the site seismically stable. In order to refute the New Scientist article objectively therefore, it was
necessary to utilise an external monitoring dataset; namely the ongoing BGS records of world
earthquakes (Brian Baptie personal communication). Recorded seismicity data in recent decades
for the central and northern North Sea show that the vicinity of Sleipner is seismically rather
inactive compared to areas to the west and north (Figure 3-24). More specifically, the period
prior to injection (2006) was rather more seismically active than the period afterwards, a
consequence of natural variation. Since the year 2000, there have been no earthquakes of
>ML3.0 within fifty kilometres of Sleipner (Figure 3-24). These datasets were presented to New
Scientist which has since issued a full retraction.
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Figure 3-24: Observed seismicity in the central and northern North Sea (Source British
Geological Survey).

A key public acceptance issue is leakage integrity. At Sleipner the most effective tool for this,
certainly to provide early warning is the surface seismic. However it is likely that, for public
acceptance purposes, easily understood tools which provide more familiar information, such as
seabed imaging or seabottom videos may well be more valuable.

More generally, an important public acceptance requirement of monitoring is that it can provide
convincing evidence that the operator understands how his site is behaving and that predictions
of future site behaviour will be robust. At Sleipner the current uncertainty on how the CO; is
passing through the thin intra-reservoir mudstones is not thought to be relevant in terms of
overall storage site performance, but it nevertheless can be seized on by interested parties as
demonstrating a level of uncertainty. Thus, media articles by Greenpeace have focussed on this
issue to suggest that the storage operation is not well understood and therefore is potentially
unsafe. The logical extrapolation by Greenpeace is unreasonable, but it is difficult to counter this
type of argument without setting out the full technical case in considerable detail.

To demonstrate a firm understanding of reservoir processes, invasive monitoring, such as would
be provided by monitoring wells, is invaluable. A hypothetical well based monitoring
programme was designed for Sleipner as part of the SACS project (Carlsen et al., 2001), but has
not been implemented. A number of observation well configurations were suggested including
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into the CO, plume and into the adjacent and overlying aquifers (Figure 3-25). It was suggested
that resistivity (to monitor saturation), gamma, pressure and temperature and possibly sonic logs
and multicomponent seismic would form the main monitoring tools.
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Figure 3-25: Hypothetical proposal for well-based monitoring at Sleipner. Courtesy of
SACS project

3.3.6 Overall efficacy of the techniques at Sleipner

3.3.6.1 SEIsMIC

The time-lapse 3D surface seismic methodology has proved to be highly effective at Sleipner.
Surface seismic is in any case the most powerful general-purpose subsurface imaging technology
currently available, but it is particularly suitable for a case like Sleipner given the shallowness of
the Utsira reservoir which, with a top around 800m, is in fact close to the minimum limit for
dense-phase storage of CO,. Shallow reservoirs are generically conducive to high quality
seismic imaging for two main reasons. Firstly, thinner overburdens cause relatively little signal
attenuation and dispersion. Secondly shallow reservoirs tend to be relatively unconsolidated with
high porosity, and a relatively weak rock framework. Replacing pore-water by CO, has a
relatively large effect in terms of seismic response, giving large changes in reflectivity and
velocity pushdown. Also the Utsira reservoir is thick, and the plume is quite tall (around 200 m)
which also maximises all of the key seismic quantification attributes (notably total reflectivity
and velocity pushdown).

The hi-resolution 2D survey was also notably successful, although the technique is clearly close
to its operational limit at Sleipner — the upper part of the plume was very clearly imaged but
signal penetration was visibly failing in the deeper parts. This is quite significant from the cost
angle, because high resolution ‘site-survey’ acquisition is much less expensive than conventional
2D acquisition. In terms of quantitative repeatability, one of the high resolution lines was shot
twice for the purpose of testing this, but analysis has not been carried out so far.

In general, deeper, thinner and more consolidated reservoirs will have markedly poorer seismic
responses for a given amount of injected CO,. McKenna et al. (2003) give a detailed assessment
of the rock physics of various reservoirs over a range of depths and show that seismic response
decreases steadily with depth of burial. At the time of writing, time-lapse 2D and 3D datasets
have recently been acquired at the Snghvit storage site. It will be interesting to compare the
different seismic responses obtained in the very different conditions at Snghvit and at Sleipner.

3.3.6.2 GRAVITY

As with seismic, the shallowness of the Utsira reservoir is an important positive factor in terms
of gravimetric monitoring; the strength of the gravity response varying as the inverse square of
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the depth of the gravity source. In addition, the highest amplitude gravity signal for a given mass
deficit is obtained when the mass deficit is concentrated at a point source. Clearly this is not
physically realistic, but the properties of the Utsira reservoir act in this direction - the high
porosity means that the CO, plume occupies a relatively small volumetric envelope and the high
reservoir thickness means that the CO, plume is relatively thick, giving a larger peak gravity
signal than the same amount of CO, spread more widely through a thin reservoir. Nevertheless,
the gravimetry at Sleipner is still quite marginal, with time-lapse gravity changes close to the
detectability limit for the method. Overall, time-lapse gravimetry at Sleipner would have been
more effective if a true baseline survey (i.e. pre-injection) had been acquired. Data analysis
would also be more effective without the need to take into account the strong time-lapse
signature of the deeper producing gas field.

As discussed above, published studies on Sleipner gravimetry have concentrated on density
determination, and assume that all of the known injected CO, is present as a free phase, with
none in solution. This is a significant assumption, because when CO, dissolves in the reservoir
water it loses much of its gravimetric signature. Given that reservoir temperatures are now
seemingly well-constrained (see above), with a likely CO, density of around 700 kgm™, it may
be that modelling could be usefully directed at estimating the amount of CO, dissolved which is
a significant uncertainty in predictive flow simulations.

The changing seabed at Sleipner, due to bottom currents is having a significant effect on the
elevations of the permanent concrete benchmarks deployed for the gravity readings. This
ultimately limits the repeatability and the measurement sensitivity.

3.3.6.3 SEABOTTOM EM

In principle, the Sleipner plume should be ideally suited to imaging by electrical methods, due to
its shallowness, lateral extent and significant thickness. However, acquisition conditions are not
ideal due to the shallow water depths (typically around 80 m). In shallow water it is possible for
the EM signal to follow a propagation path from the transmitter upwards through the water
column to the surface, horizontally through the air (which has a very high resistivity), and back
down through the water column to a seafloor receiver. This airwave component can mask the
received signal from the subsurface.

3.3.6.4 SEABED IMAGING

The relatively shallow water depths enables high resolution acoustic images to be obtained, with
a resolution of 1 metre or thereabouts. This should enable detection of new morphological
features arising from CO, leakage at the seabed. A drawback at Sleipner is the changing seabed
conditions caused by erosion and deposition of sediment by bottom currents. This may
significantly limit the time-lapse capability of the method.

3.3.7 Monitoring programme in context of latest regulatory requirements

3.3.7.1 EU STORAGE DIRECTIVE / OSPAR

Although the Sleipner storage project predates, and therefore does not fall within, the recently
developed framework of European CCS regulation, it is instructive to assess to what extent the
current monitoring programme would address these regulatory requirements.

Monitoring requirements of the European Directive and OSPAR are framed around enabling the
operator to understand and to demonstrate understanding of current site processes, to predict
future site behaviour and to identify any leakage. Further requirements of the monitoring include
early identification of deviations from predicted site behaviour, provision of information needed
to carry out remediative actions and the ability to progressively reduce uncertainty. In other
words monitoring should effectively underpin the Framework for Risk Assessment and
Management (FRAM).
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The current monitoring plan at Sleipner largely meets these objectives. In terms of understanding
current site processes overall plume development has some uncertainties, notably transport of
CO; through the thin intra-reservoir mudstones, but in general terms the physics seems to be
satisfactorily understood. Migration of the topmost CO, layers is crucial to predicting plume
development in the medium term, in particular lateral migration of the plume in the upper
reservoir. Chadwick & Noy (in press) have shown that mismatches between observed and
simulated behaviour are most likely down to small uncertainties in the geological model rather
than to misunderstanding of the controlling processes. In terms of leakage, as discussed above,
the monitoring systems have limited detection capability, but taken together the monitoring
observations and the site characterization data show no indication of any leakage.

Perhaps the most uncertain elements of the current regulations are the arrangements for site
closure i.e. transfer of liability from the operator to the State.

~100 years ~1200 years

~200 years ~2200years

~400 years ~5000 years

Figure 3-26: Long-term predictive model of the fate of the CO, plume at Sleipner showing
progressive gravitational stabilization of the plume. Free CO, trapped at the reservoir top
(~100 years) progressively dissolves and as CO in solution sinks towards the base of the
reservoir. After about 5000 years all free CO; has dissolved [corrected from CO,STORE,
2008].

The overall philosophy of the EU Directive is enshrined in the three minimum geological criteria
for transfer of liability:

e Observed behaviour of the injected CO, is conformable with the modelled behaviour.
e No detectable leakage.
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e Site is evolving towards a situation of long-term stability.

The first two bullets have been covered above. The requirement concerning demonstration of
long-term stabilization is more challenging and depends almost exclusively on long-term
predictive simulation of site behaviour. Post-injection monitoring will of course be a requirement
and this can help to establish the path to long-term stabilization, but the ability of short-term
monitoring to convincingly support such long-term forecasts will always be limited.

For Sleipner the key stabilization process is dissolution of free CO, into the reservoir pore-
waters (Figure 3-26). Perhaps the main weakness of the current non-invasive monitoring system
(see below) is its inability to detect or calibrate this process, as dissolved CO; is invisible on
seismic.

3.3.7.2 EMISSIONS ACCOUNTING (E.G. ETS)

The current monitoring system at Sleipner is not directed towards the requirements of emissions
accounting which require some form of gquantitative assessment of site leakage. In fact, even if
Sleipner were operating under the European CCS regulations, there would not currently be a
requirement for emission accounting as there is no evidence that the site might be leaking.

3.3.8 Remarks on additional monitoring options

Perhaps the key additional monitoring component which would significantly reduce many
aspects of current uncertainty would be a monitoring well. In principle, a well through the plume
could dramatically reduce quantitative uncertainty by providing a detailed vertical profile of CO,
saturations in the plume. Sampling, possibly with core, might also cast light on flow mechanisms
through the intra-reservoir mudstones. A major disadvantage of drilling such a well however
would be the risk to containment integrity by puncturing the caprock (the current injection well
is horizontally emplaced, beneath the CO, plume, so does not comprise a containment risk.
Another issue is that the full efficacy of a monitoring well cannot now be realised, since
downhole baseline (pre-injection) measurements are no longer possible.

More pragmatically, if technically feasible, it may be possible after injection has ceased to
provide instrumentation in the injection well for post-injection monitoring. One key monitoring
tool might be downhole fluid geochemistry. This would provide some constraints on the amount
and/or rate of dissolution from the plume — a key long-term stabilization parameter.
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3.4 MILLER

Confidential information on the proposed monitoring plan for Miller was provided by BP to
assist the project team with understanding requirements for MMV for such a site. Details of the
Miller plan are not therefore included in this report, although some of the learnings from Miller
are reflected in the generic plans presented in Chapter 8.

3.5 Kl12-B

3.5.1 Background to the K12-B storage operation

Two CO; injection field tests have been carried out in the nearly depleted K12-B gas field,
located in the Dutch sector of the Southern North Sea, some 150 km northwest of Amsterdam
(Figure 3-27). K12-B was the first CO; injection site in the Netherlands. The first test (from May
2004 to January 2005) consisted of CO, injection through a single well (K12-B8) in a depleted
reservoir compartment to test the injectivity. The second test (started in February 2005 and still
ongoing) comprises injection in a nearly depleted reservoir compartment comprising two gas
production wells (K12-B1 & K12-B5) and one CO; injection well (K12-B6). For both test
phases about 30,000 Nm?® CO, per day is re-injected into the field, corresponding to about 20
ktonnes per year.

Since the start of the CO;, injection in 2004 an extensive monitoring program has been executed.
This section provides an overview of these monitoring activities and their results.

The K12-B gas field has been producing natural gas from 1987 onwards and is currently
operated by GDF Suez E&P Nederland B.V. The K12-B structure was proved in 1982 by the
K12-6 exploration well. The natural gas contains 13% CO, which is removed from the gas
stream at the production platform.. The reservoir lies at a depth of approximately 3800 meters
below sea level, and the temperature of the reservoir is about 128 °C. To date, the K12 B field
has produced more than 12 billion cubic meters (BCM) of gas, about 90% of the initial gas in
place (IGIP). The initial reservoir pressure of 400 bar has dropped to approximately 40 bar.
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Figure 3-27: Location and 3D impression of the K12-B gas field and the overburden (right:
improved after Geel et al., 2005).
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3.5.2 Geological Setting

3.5.2.1 INTRODUCTION

K12-B is typical of Dutch gas fields. The reservoir consists of Rotliegend sands of the
Slochteren Formation (Van Adrichem Boogaert and Kouwe, 1993, 1994a; Wong et al., 2007)
and the seal is made up by thick layers of rock salt from the Zechstein Supergroup (Figure 3-28).
At the K12-B location, the Slochteren Formation consists of 2 Members: the Upper Slochteren
Member and the Lower Slochteren Member. At K12-B the production of natural gas solely takes
place from the Upper Slochteren Member although several wells have been drilled as deep as the
Carboniferous.
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Figure 3-28: East - West profile through the K12-B field. The blue line indicates the gas —
water contact and an overview of the compartments and relevant wells of the K12-B field
(left: courtesy TNO - Geel et al., 2005, right: courtesy TNO - Vandeweijer et al., 2009).

The Zechstein Supergroup forms the seal, which consists of several hundred meters of halite and
other evaporites with possibly some minor intercalations of carbonates and claystones. These
deposits are regarded as the best possible seal for any kind of reservoir.

3.5.2.2 SEDIMENTARY FACIES

Geological studies (Hagoort & Associates, 1989; Geel et al., 2005) indicate that the reservoir is
highly heterogeneous, as a result of sedimentary, diagenetic, and tectonic processes. Sedimentary
heterogeneities include a complex interfingering of high-permeability (300-500 mD) aeolian
facies, low permeable fluvial facies (5-30 mD), and several mud-flat facies that act as vertical
flow barriers. It is most likely that the several meters thick aeolian sands, which form about 11%
of the gross rock volume, will act as conduits for the CO,. The lateral extent of individual
aeolian units is estimated to be no more than a few hundred metres. Shales comprise 16% of the
volume and fall into two categories. A minority have a field-wide extent, while most of the
shales cannot be correlated between more than two wells, corresponding to a lateral extent of a
few hundred meters.

3.5.2.3 DIAGENESIS

Reservoir diagenesis is considered to be the main controlling factor for fluid flow. Its influence
is demonstrated in two different ways:
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1. A number of diagenetic processes resulted in the formation of authigenic illite,
kaolinite, and carbonate cements, which in places effectively block vertical flow
through the reservoir. These diagenetic zones seem to be confined to the shales.

2. Permeability and porosity are much lower in the water-bearing zone below the gas
column which can be attributed to the presence of diagenetic cement.

3.5.2.4 FAULTING

The K12-B field consists of a number of tilted fault blocks which are not or only slightly in
pressure communication. All the faults are normal faults with moderate throws (10-100 meters),
apart from the main boundary fault which has a throw of 500-900 meters. Most fault zones are
completely cemented, as testified by one well that penetrates a fault, and by the hydrostatic
pressures encountered in undrained fault compartments. None of the faults extend to the top of
the overlying salt seal; the ductile nature of the salt prevents fault propagation within the
Zechstein Group.

3.5.2.5 GEOCELLULAR MODEL

A 3D geocellular model was derived from the seismic interpretation of the Top Rotliegend and
information on well tops from the eight K12-B wells. Well logs for porosity, permeability, and
original water saturation were used to populate the geocellular models. 3D reservoir properties
were generated to represent the heterogeneities discussed above. In order to retain the
heterogeneity, a finely layered model was built with a vertical resolution of 1-2 meters. The 3D
geocellular model served as a basis for fluid flow simulations, both for gas production and CO,
injection.

3.5.2.6 OVERBURDEN PROPERTIES

The top seal Zechstein Group sequence thickens towards the north as a result of structural
deformation. One of the objectives of the seal characterization was to distinguish and map the
different salt minerals. There are no Zechstein Group cores of the in this area nor any age data.
Therefore correlation was purely based on log response. Evaporite lithology was estimated from
the gamma-ray and sonic logs to enhance the visual correlation. Based on those two logs, the
following lithologies and minerals could be identified with reasonable confidence: shale, halite,
dolomite, anhydrite, polyhalite, carnallite, and bischoffite.

The correlation of lithologies within the Zechstein Group could only be made on a simplified
scale due to the moderate structural deformation of the salts. Seismic cross-sections demonstrate
possible detailed correlation for the lower part and upper part of the Zechstein Group only. This
observation is confirmed by the well logs, where the thick halite layer in the middle part of the
Zechstein Group could not be subdivided. Therefore the Zechstein Group was divided into three
units: Lower, Middle, and Upper. The Lower Unit is dominated by a basal calcareous sequence.
The upper part of this sequence is formed by a thick layer of nearly pure rock salt. This halite
layer thickens from 75 meters in the south-western part of the field to more than 450 meters in
the northeast. The top of the Lower Unit can be recognized by a sharp transition to a unit with
alternating clays, halite and carnallite. This Middle Unit contains carnallite and polyhalite layers
having a maximum thickness of 10 meters. Bischoffite is present in thin layers (up to 2 meters
thick). The top of the Middle Unit is marked by a pronounced anhydrite layer. The Upper Unit is
dominated by rock salt. Carnallite layers occur in the upper part of the unit while in the southern
part of the area clay layers are abundant in the lower part.

3.5.3 Risk profile

The K12-B field is a currently producing gas field where the salt seal has trapped the natural gas,
with its 13% CO,, content, for millions of years. Moreover, the current quantities of injected CO,
are relatively small. Performance assessment has demonstrated that, should migration of CO, to
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shallower strata or even to the surface occur, the most likely migration pathways are along the
wellbores penetrating the reservoir. Therefore monitoring of the K12-B CO, injection is mainly
focussed on the integrity of the wells.

A second goal for the monitoring activities is to gain a better understanding of the behaviour and
migration of the CO; in the reservoir. Since K12-B is still producing natural gas, while CO,
injection takes place, this is closely linked with the enhanced gas recovery (EGR) potential of the
CO;, injection. Maintaining pressure in the reservoir through CO; injection and sweeping natural
gas in the process can increase production and extend the lifetime of the field before watering
out. However, early CO, breakthrough would lead to uneconomical production. Therefore, the
flow and mixing of methane and CO;, in the reservoir need to be well understood.

In summary the main monitoring aims to be addressed are:

1. Well integrity;
2. Tracking CO, migration and gas mixing in the reservoir.

3.5.4 Monitoring Programme at K12-B

Due to different monitoring goals the individual monitoring methods can be divided into two
categories. Firstly, methods focussed on well integrity and secondly, methods focussed on the
migration of CO; in the reservoir. The second goal is linked strongly to the integration of the
measurements into reservoir models.

K12-B provides an important example of well integrity monitoring for offshore CO, storage.
Due to the acidic nature of CO, in water, and the uncertainties about the actual down-hole
conditions, establishing and monitoring any change in the integrity of the injection well is of
great importance. This is done by closely monitoring the integrity of the well and its tubing and
by establishing the conditions (pressure and temperature) in the wellbore over its full length.

The monitoring technologies deployed to meet these two principal objectives are as follows:
Well integrity:

1 Multi-finger imaging tools

2. Electromagnetic imaging tool

3. Cement bond log

4 Down hole video log

5 Pressure and temperature gradient profiling

Migration of the CO;, in the reservoir:

Chemical tracers

Production gas analysis
Injection gas analysis
Production logging

Production water analysis
Pressure fall off measurements

o wdE

3.5.,5 Results of the monitoring programme, assessment of efficacy

In this section a description is given of the individual monitoring tools adopted in the K12-B
field, and an assessment is made of the efficacy of the tools.

A general overview of when each tool or techniques was applied is given in Table 3-3.
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Table 3-3: Overview of applied monitoring tools and techniques.

1. | Multi finger imaging tools 2005, 2006, 2007, 2009
2. | Electromagnetic imaging tool 2009

3. | Cement bond log 2007 (Failed)

4. | Down hole video log 2007

5. | Pressure and temperature gradient profiling 2004, 2005, 2007

6. | Chemical tracers From 2005 and onwards
7. | Production gas analysis From 2005 and onwards
8. | Injection gas analysis 2004, 2005, 2007

9. | Production logging 2005, 2007 (Failed partially)
10 | Production water analyses 2005, 2007

11. | Pressure fall off measurements 2004, 2005, 2007

3.5.5.1 MULTI-FINGER IMAGING TOOLS

Since the start of the CO;, injection in early 2005 in the multi well compartment (compartment
3), time lapse pipe integrity surveys have been performed. The goal of these surveys was to
image and monitor the inner tubing of well K12-B6 during prolonged exposure to CO,. A breach
in the tubing would allow CO; into the annulus, where it could find its way up through the
wellbore and eventually even migrate into shallower formations.

Multi-finger imaging tools, like the Kinley Caliper and the PSP (Production Services Platform)
Multi-finger Imaging Tool (PMIT), provide high resolution multiple internal tubing radii
measurements using mechanical callipers (Figure 3-29).
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Figure 3-29: Right: PMIT measurements showing the internal radius average versus
depth. Left: earlier multi finger caliper results displaying the measured pit depth versus
depth (Left: improved after Vanderweijer et al., 2009, right: courtesy CO,ReMoVe
project).

Even though the injected CO, is known from gas compositional analyses to be very dry, and thus
should not be corrosive, some serious changes were witnessed on the first time lapse run in 2006.
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A further time lapse run could not directly confirm possible ongoing corrosion, hence in
combination with the results from a downhole video log, an electromagnetic imaging tool was
run.

3.5.5.2 ELECTROMAGNETIC IMAGING TOOL

An electromagnetic imaging tool, like the EMIT, measures and maps the inner pipe diameter and
the total thickness of all concentric pipes. An EMIT was used by mid 2009 to image the pipe
integrity of the K12-B6 well (Figure 3-30). The EMIT was used because of the severe scaling
(mineral precipitation dating from the time the K12-B6 well was a gas producing well) hampered
the interpretation of the tubing integrity based solely on the results of multi finger imaging tools.
The magnetic energy used by the EMIT is insensitive to most of the common minerals
precipitated in wellbores. Therefore it is well suited to image the pipe integrity through thick
layers of scaling.
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Figure 3-30: EMIT and PMIT results showing the internal radii and the metal loss
deducted from the internal radius measurements of the EMIT (image courtesy
CO;ReMoVe project).

Contrary to the slightly erratic readings from the earlier multi finger imaging tools the EMIT
results showed a very consistent pipe integrity over the measured interval, without any alarming
values. The current plan provides for further usage of the EMIT in order to create a time-lapse
series of measurements.

3.5.5.3 GAMMA RAY

Together with the EMIT and PMIT tools a gamma ray tool was lowered. This tool has produced
data on the radioactive properties of material (probably scaling) present in the well bore of well
K12-B6 (Figure 3-31).

These measurements, although not directly linked to well integrity, provide insight in the mineral
composition of the scale and the overall state of the inner tubing.

63



CR/10/030; Final 1.0 Last modified: 30/11/2010

2.5

2.4

23 | TRAV_EMIT
I ——PMIT_IRAV
B H i

|H ‘ =

TITFHTIE

21

INTERNALRADIUS {IN)
]
r— | §
—
GR (AP1

1.9

18+ |

- W

16

1.5

1550 1750 1950 2150 2350 2550

DEPTH (M)

Figure 3-31: EMIT and PMIT results showing the internal radii and the results of the
Gamma Ray. Note the extremely high gamma ray values between 1600 and 2000 m (image
courtesy CO,ReMoVe project)

The measurements indicate the presence of more radioactive material between 1600 and 2000m.
This is much shallower than the interval where the video log observed scaling preventing certain
logging activities (see next paragraph).

3.5.5.4 CEMENT BOND LOG

Sonic bond tools or cement bond tools transmit a signal through the well to the casing and
formation and then measure the magnitude and transit time of the refracted signal. The strength
and transit time of the refracted signals provide information about the bond between the casing
and the cement, the density of the cement, and the bond between the cement and the formation
(Duguid and Tombari, 2007).

The wells at K12-B use Portland cement to bond the casing to the surrounding rock. In order to
inspect the cement condition of the CO;, injection well K12-B6, a cement bond log was planned.
However, a downhole obstruction prevented the log from being completed successfully The
obstruction will possibly be removed in the future enabling the execution of a successful CBL.

3.5.5.5 DOWNHOLE VIDEO LOG

The downhole video log (DHV log) was used to image the nature of the obstruction met by the
cement bond tool. An obstruction can have several causes, e.g. a deformation of the pipe, debris
or the result of accreted scale.

During the 2nd half of 2008 the DHV log imaged the obstruction which stopped the cement bond
tool (and in the future other tools) being lowered down to reservoir level. The obstruction in well
K12-B has been interpreted as accreted scale (Figure 3-32).
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Figure 3-32: DHV image from K12-B6 at approximately 3700 m depth (AH WLM). Bright,
cloudy structured scale on the liner walls is clearly visible. The straight feature in the scale

is probably a drag mark of centralizer arms of logging tools (courtesy TNO/GDF Suez -
Vandeweijer et al., 2008).

3.5.5.6 PRESSURE AND TEMPERATURE GRADIENT PROFILING

Pressure and temperature was measured along the well with the aim of assisting in the evaluation
of CO, phase behaviour during injection and to validate PVT tables used in reservoir modelling.
Both pressure and temperature are being measured at various locations (Figure 3-33):

1. At the outlet of the compressor,
2. At the wellhead,
3. Along the well trajectory and

4, At reservoir depth.
These measurements provide a thorough insight into the phase behaviour of the CO; in the
wellbore and in the reservoir, and markedly improve the reservoir simulation results.
Furthermore these measurements give information about the gas-water contact (GWC) and
aquifer drive, similarly contributing to an improved reservoir simulation model.
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Figure 3-33: Static pressure gradient and temperature measurements of the K12-B8 well.
This well was used as a CO; injection well during a test in 2004 (courtesy TNO/GDF Suez -
Vandeweijer et al., 2008).
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3.5.5.7 CHEMICAL TRACERS

Since the injected CO, originates from the same reservoir into which it is being re-injected,
tracers added to the re-injected CO, stream enabled the investigation of the migration and the
EGR potential of the reservoir, the partitioning behaviour of the CO, and CH4 and indirectly
monitoring the breakthrough of the injected CO,.

On the 1st of March 2005, 1 kg of two chemical tracers was injected into compartment 3 via well
K12-B6. The selected tracers were perfluorocarbons (Figure 3-34):

1. 1,3 Perfluorodimethylcyclo-hexane (1,3 PDMCH)
2. Perfluoromethylcyclopentane (PMCP).

a fluorine

Q cathon

1,3-FDMCH FLICF

Figure 3-34: Molecular composition of the tracers injected in K12-B6 (courtesy TNO/GDF
Suez - Kreft et al., 2006).

Regular sampling took place at the producers: K12-B1 and K12-B5. An objective of the tracer
injection was to accurately assess the flow behaviour in the reservoir and the associated sweep
efficiency of the injected CO,. Without the tracers it would be difficult to accurately determine
the flow between injector and producers.

Another objective was to establish the rate of migration of the CO, compared with that of the
methane. These rates may differ significantly. The low injection rates of CO, and the
corresponding slow flow of the gaseous phase can be expected to allow for some degree of
interaction with the aqueous phase (connate water) within the gas cap. As the solubility of CO,
(mass fraction~ 0.010) is much higher than the solubility of methane (mass fraction is

negligible), this should lead to a stronger interaction of the CO, with the connate water in the
reservoir, and thus additional retardation of the CO, with respect to the methane. Both tracers
mentioned are water insoluble and thus follow more closely the behaviour of the methane. If the
CO;, retardation is significant, the tracer front should arrive before that of the injected CO, front.

One additional sample was taken from well K12-B3 in order to investigate the sealing capacity
of the fault between compartments 3 and 3a, however results are still pending.

Tracer concentration data (Figure 3-35) of both tracers at K12-B1 and K12-B5 show tracer
breakthrough after 130 (August 2005) and 463 days (June 2006), respectively. The
measurements of the tracers in both producers prove that the injected particles have reached the
producers.
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Figure 3-35: Tracer concentrations as a function of time at the B1 well (courtesy
TNO/GDF Suez - Vandeweijer et al., 2008).

3.5.5.8 PRODUCTION GAS ANALYSIS

Samples were taken at regular intervals from the production gas stream from wells K12-B1 and -
B5. The samples were tested for CO, concentration in accordance with ISO 6974. The results of
these analyses were used to improve understanding of the reservoir dynamics and to evaluate
reservoir models (Figure 3-36).
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Figure 3-36: CO, concentration at the K12-B1 production well. Note the breakthrough
mid 2006 and the rather erratic behaviour during 2009 (courtesy TNO).

3.5.5.9 INJECTION GAS ANALYSIS

Multiple gas samples have been taken from the gas stream of the injection wells K12-B6 and
K12-B8. This was done to assess the composition of the injected gas, which is of importance for
the reservoir modelling and the well integrity studies. It consisted mainly of CO, (92%) and CH,4
(6%) and traces of some other hydrocarbons, N, and O,. The samples contained little or no
water vapour, which if it were present, could make the injected gas very corrosive.

67



CR/10/030; Final 1.0 Last modified: 30/11/2010

3.5.5.10 PRODUCTION LOGGING

In order to analyze bottomhole flow conditions during the production of the K12-B wells, a
memory production log (MPLT) survey was conducted in January 2008. This survey took place
in the K12-B1 and B5 wells. Although the plan was also to log the injection wells (K12-B6 and
B8) these wells were not logged due to complications. The B1 and B5 wells posed no problem.

The K12-B1 and B5 wells were produced with minimum flowing well head pressure during the
MPLT production period, prior to the actual production run, for 1.0 hrs. The retrieved data again
provide input for detailed reservoir studies.

3.5.5.11 PRODUCTION WATER ANALYSIS

Production water analysis has been performed on samples taken in 2007. Prior to the CO,
injection, several of these samples were analysed but no consistency in the data was found: the
composition of the production water was found to be very variable. This is probably because
slugs of water rise irregularly with the gas stream, dissolving and precipitating chemical
components on their way up. More recent analysis of the production water did not lead to any
new conclusions other than that sampling water at the platform does not give much information
about the down-hole conditions.

3.5.5.12 DOWN HOLE P AND T MEASUREMENTS

Since the start of CO; injection the bottomhole pressure in various wells has been monitored
with the aid of downhole memory gauges Accurate downhole pressure and temperature data is
very important because of the extreme density variations CO, can go through during injection.
For example at the K12-B6 well the CO;, is subcritical at the wellhead and becomes supercritical
at a depth of about 2,000 meters. Once in the reservoir, due to the lower pressure, the CO,
becomes subcritical again. These changes go hand in hand with substantial volumetric changes
and are critical in order to create accurate reservoir simulations.

3.5.5.13 PRESSURE FALL OFF MEASUREMENTS

The well bore storage, permeability and skin have been evaluated with the aid of fall off
measurements. For well K12-B8 fall off measurements indicated that permeability has remained
unchanged, that the skin factor has decreased and that well bore storage appears to be small.

Pressure fall off measurements have shown that CO; injection at K12-B does not cause problems
related to changing reservoir permeability, increasing skin factors or extreme well bore storage.

3.5.5.14 WELL HEAD PRODUCTION AND INJECTION MEASUREMENTS

Basic data on the well head temperature, pressure and flow rate of the producing and injecting
wells are required for any simulation. These data can be acquired easily by the operator.
Sometimes, for example due to incorrect allocation schemes, inconsistencies can be created in
these data. Due to the accurate reservoir models created for K12-B these inconsistencies showed
up quite regularly, which complicated simulations. In the end, simulation models were used as a
tool for checking the quality of the production and injection data (Figure 3-37), after which
specific corrections to the data could be made. An example of this is the situation where the well
head pressure is high, indicating that a well has been shut-in, although the flow rates still indicate
a certain amount of flow.
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Figure 3-37: Cumulative CO; injection as function of time (courtesy TNO/GDF Suez -
Vanderweijer et al., 2008).

3.5.6 Comparison of the monitoring programme with IEAGHG monitoring selection tool

The main discrepancy between the proposed monitoring plan described above and the outcome
of using the IEA-GHG monitoring selection tool is the application of time-lapse seismic
monitoring. The main goals of the time-lapse monitoring would be imaging of CO, migration in
the reservoir and the possible migration of CO;, to shallower strata.

At K12-B, imaging and detecting CO, saturation distributions from time-lapse seismic data
within the gas reservoir is considered to be impossible. The difference in impedance between gas
saturated and CO,, saturated reservoir rock at such large depths is simply too small to detect.

In addition, taking into consideration the extremely good seal over the reservoir, proven by the
fact that it has captured the natural gas with its high CO, content for millions of years, and the
relatively small amounts of CO;, injected in the reservoir, the chances of leakage through the seal
are believed to be minimal.

The main risk factor considered for K12-B is leakage through the wells caused by a deterioration
of the cement or steel casing. Therefore the monitoring program is largely focussed on detecting
any possible deterioration in the wells. Because of the relatively small amounts of CO,, injected
the risks are considered small. However, the monitoring does give information on possible rates
of deterioration. These rates are useful for upscaling the experiment for the injection of larger
quantities of CO,.

Pragmatically, 3D seismic datasets already cover the K12-B field and could be considered as
reasonable pre-existing baseline datasets. In the unlikely event that migration through the
overburden were detected (e.g. by pressure monitoring in the reservoir), repeat seismic datasets
could be acquired in the future if deemed necessary.

Since the K12-B field has produced gas for 20 years now, a reservoir simulation model with an
excellent history match was available from the start. The tracers allow an accurate assessment of
the CO, flow behaviour in the reservoir and the associated sweep efficiency of the injected CO.,.
Without the tracers it would be difficult to accurately determine the physical communication
between injector and producers because the injected CO, originates from the reservoir gas and
therefore cannot be chemically distinguished from the naturally occurring CO; in the reservoir.

Microseismic monitoring is not included in the current monitoring programme. In view of the
relatively small amounts of CO, injected this seems reasonable. If the experiment were to be
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upscaled to larger quantities and a longer injection period the pressure increase in the reservoir
might give rise to detectable events. In that case microseismic monitoring should be considered.

3.5.7 Monitoring programme in context of latest regulatory requirements

3.5.7.1 EU STORAGE DIRECTIVE / OSPAR

Although the K12-B storage project predates and therefore does not fall within the recently
developed framework of European CCS regulation, it is instructive to assess to what extent the
current monitoring programme would address these regulatory requirements.

Monitoring requirements of the European Directive and OSPAR are framed around enabling the
operator to understand and to demonstrate understanding of current site processes, to predict
future site behaviour and to identify any leakage. Further requirements of the monitoring include
early identification of deviations from predicted site behaviour, provision of information needed
to carry out remediative actions and the ability to progressively reduce uncertainty. In other
words monitoring should effectively underpin the Framework for Risk Assessment and
Management (FRAM).

With respect to understanding current site processes and predict future site behaviour, different
reservoir models have been created each with a particular focus such as CO, flow in the
reservoir, breakthrough at the wells and chemical reactions particularly in the near wellbore area.
A more detailed overview of the different models is given below. The main conclusions so far
are that pressure behaviour is matching quite accurately the simulation results. For K12-B
pressure monitoring in the reservoir is considered the key monitoring technology. The fact that
the cap rock consists of salt, that has retained CO, and is the best possible seal because of its
plastic behaviour, leads to the belief that migration out of the primary reservoir through the cap
rock could only occur through faults (not likely) or along wells. If migration through the cap
rock occurred, this would be picked up by a deviation from the expected pressure in the
reservoir. For the current demonstration project with relatively small amounts of CO, injected,
this would not be easy to detect. However, for larger injection volumes, the difference could be
picked up, although a quantitative analysis has not been carried out so far.

The latest models suggest that there might be some communication between different
compartments of the K12-B reservoir. With respect to tracking the plume in the reservoir this
needs to be further analysed by matching the pressure observations in different compartments
with the overall model of the reservoir. Migration out of the primary reservoir is not expected
due to the excellent sealing properties of the cap rock..

Demonstration of the long term fate of the CO;, is currently based on experiments on core data,
on analogue reservoirs containing higher concentrations of CO, and on long term simulations
calibrated to the short term models. The most important conclusion is that the CO, will remain in
the reservoir. More detailed modelling of the long term fate in terms of dissolution and
mineralisation are part of ongoing work. Preliminary conclusions show that these effects are
minor due to the low water saturations and the low reactivity with the reservoir rock.

For site abandonment and transfer of liability the main issues foreseen are the abandonment of
the wells and monitoring after injection has stopped. As for the operational period, in the post-
injection phase monitoring will consist of well integrity logging and pressure monitoring as long
as the wells are open.. If the quantities of injected CO, were to increase significantly, seismic
data acquisition (2D or 3D) might be required at the end of injection to “prove” the absence of
migration outside the primary reservoir and to create a baseline before the abandonment phase.
However, as long as pressure monitoring does not indicate any irregularities it is unlikely that
seismic data would be required.

Abandonment of the wells at K12-B could potentially be done by using the salt itself as seal
(milling out the well in the cap rock section and letting the salt “flow in”). A decision on this
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approach, or the alternative more traditional plugging or pancake plugs, has yet to be taken. If
technically feasible, pressure (and possibly pH) monitoring and sampling above the plugged
section should be carried out for a few years, until the plug has demonstrated its integrity.
Shallow monitoring at the well head using acoustic and in situ gas measurements or sampling
techniques can then potentially be applied in the years after abandonment. Again, the latter
becomes more important if the experiment was upscaled or any irregularities in pressure
behaviour were observed.

In summary, considering the overall philosophy of the EU Directive enshrined in the three
minimum geological criteria for transfer of liability:

e Observed behaviour of the injected CO, is conformable with the modelled behaviour.
e No detectable leakage.
e Site is evolving towards a situation of long-term stability.

One can say that these three conditions can be fulfilled mainly by monitoring pressure in the
reservoir.

A more detailed discussion on the different flow models currently developed for K12-B follows.

3.5.7.2 3D GEOCHEMICAL FLOW MODEL

A 3D simulation of fluid flow and geochemical reactivity during CO; injection was performed in
TOUGH2, a multiphase fluid and heat flow simulator developed by the Lawrence Berkeley
National Laboratory. For geochemical reactivity simulations, the TOUGHREACT module was
used and for simulating the dissolution and structural trapping of CO; injection the
TOUGH2/EOS7C module was used (BRGM, 2006).

Results

The initial 13% of CO; in the reservoir has created a geochemical equilibrium between the CO,
and the present mineral composition. The results of the simulations show that because of this
equilibrium CO; injection will not have much effect on the mineralogy and porosity of the
reservoir. Only minor pH variations are observed both in reservoir and cap rock (Figure 3-38).
Mineral reactivity is also minor and occurs mainly at the water gas contact. Dry out is observed
around the injector well inducing anhydrite precipitation in association with dissolution of some
carbonates. Further results show relatively short CO, breakthrough times for the two producers
(K12-B1 60 days and B5 one year) and a linear increase of reservoir pressure from about 47 bar
to 104 bar.
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Figure 3-38: pH values at the end of the injection for the case A. Four zones are
distinguished: (i) the liquid phase saturated part (below the gas water contact), (ii) the
gaseous part of the field, (iii) the cap rock and (iv) a small region located at the gas water
contact area in the cap rock, with average pH values of 4.58, 4.51, 4.55 and 4.0, respectively
(image from Audigane et al., 2006, ©AAPG 2006. Reprinted by permission of the American
Association of Petroleum Geologists whose permission is required for further use).

N.B. This diagram may be re-used by ETI in a summary report but should not otherwise be
reproduced without separate permission from AAPG

3.5.7.3 SIMED Il FLOW MODEL FOR COMPARTMENT 4

The Dutch ORC (Offshore Re-injection of CO,) project comprised two injection tests at
different locations in the K12-B reservoir. The first test in 2004 comprised CO, injection, using
well K12-B8, into the depleted single-well compartment: compartment 4.

For the purpose of history matching, the apparent volume of gas-in-place was considered to be
located in three sub-compartments, separated by flow barriers. Once the gas pressure difference
across a flow barrier had reached a sufficient level, the gas would break through and an
additional volume of gas would become connected to the production well. The barriers are
thought to be either internal faults or horizontal shale layers.

Results

From the reservoir engineering work the following conclusions can be drawn with respect to
analysis and verification of the observed data:

1. The permeability of the reservoir is not affected by injection of CO,.

2. The observed CO, phase behaviour and reservoir response fell within the expected
range.

3. Reservoir response and CO, phase behaviour can be predicted with the aid of existing

theoretical correlations and software applications.

Later in 2008 this model was updated during a reproduction test to investigate the mixing of
COs.

Results of this test showed that the production rate and the variation in CO, concentration of the
produced gas, corroborates model predictions, which indicate that CO, plumes can persist for a
long time. Although CH4 and CO,, are fully miscible, instant mixing does not seem to occur and
gravity segregation seems an important factor when it comes to CO; injection (BRGM 2006).
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3.5.7.4 SIMED |l FLOW MODEL FOR COMPARTMENT 3

As already mentioned, the ORC project comprised two injection tests at different locations in the
K12-B reservoir: The SIMED Il flow model for compartment 3 initially provided evaluations
related to the 2nd test of the ORC project (Kreft et al., 2006). Later this model was updated in
the follow-up project (Vandeweijer et al, 2008) and under a monitoring program funded by the
CO,ReMoVe consortium. The model comprises compartment 3 including the 3 wells, K12-B1,
B5 and B6 (Figure 3-39). During this test, which commenced in February 2005 and is still
ongoing, the CO; is injected in the supercritical phase using well K12-B6.

Figure 3-39: Initial water saturation of the reservoir simulation model (image taken from
Van Der Meer et al., 2006, CASTOR project WP3.3.3)

The SIMED Il model for compartment 3 shows an excellent pressure match for all three wells.
The pressure response to rapid rate changes was closely modelled with changes in local or
relative permeabilities. More local effects such as the amplitude between static and flowing
bottomhole pressures were matched by changes in local permeabilities, well skin factors and
water influx (thought to come from below the reservaoir).

3.5.7.5 ECLIPSE FLOW MODEL FOR COMPARTMENT 3 AND 3A

For practical reasons during 2008 the need emerged for a new reservoir model. The formerly
used reservoir simulation software was an in-house adapted version of SIMED II, which could
not be shared. The new reservoir model had to be usable by other parties including GDF Suez,
the operator of K12-B. It was decided that for further reservoir modelling work the
compositional reservoir simulator ECLIPSE 300 would be used.

The new reservoir model was specifically meant to focus on some anomalies in pressure
observed between the injection well K12-B6 and the producers in the same compartment (K12
Bl and B5) and the breakthrough times of the chemical tracers in the production wells.
Moreover, this new reservoir model incorporates both compartment 3 and 3a (Figure 3-40).
These two compartments were initially thought to be more or less separated by a low
permeability zone (a fault) (Geel et al., 2005) but might be in communication with each other
after all, as the pressure decrease during the years of production appears identical.
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Figure 3-40: 3D reservoir model of compartment 3 and 3a (image courtesy CO2ReMoVe
project).

Initial results show that the rate constrained model shows some irregularities similar to those of
the SIMED Il model. These irregularities consist of inaccurate breakthrough times for the CO, at
the production wells and some mismatches with the observed downhole pressures for the
injection and the production wells. Further analysis and updating is currently ongoing.

In summary, the K12-B monitoring plan is focussed on two objectives: well integrity and the
potential of CO, injection for EGR. The proposed monitoring strategy seems adequate to fulfil
both goals.

3.5.7.6 EMISSIONS ACCOUNTING (E.G. ETS)

The current monitoring system at K12-B is not directed towards the requirements of emissions
accounting, which require some form of quantitative assessment of site leakage. In fact, even if
K12-B were operating under the European CCS regulations, there would not currently be a
requirement for emission accounting as there is no evidence that the site might be leaking.

Nevertheless, suppose that quantification of a leakage became necessary, this would essentially
be carried out based on a combination of measurements and models as suggested in the NSBTF
(2009) report. Primary estimates would be made by matching the pressure decrease observed in
the reservoir to a quantity of escaping CO,. This method would have a large uncertainty and is
highly model based. It will be difficult to discriminate between for example mineralization and
dissolution effects, water influx, etc. and migration out of the storage complex. Seismic data can
be used to identify migration pathways to the seabed and/or possible capture below secondary
seals. In case of observed leakage at the seabed, more detailed in situ measurements and/or
sampling campaigns would be carried out to quantify the leakage.

3.5.8 Remarks on additional monitoring options

Perhaps the key additional monitoring component in terms of public confidence would be some
form of seabed imaging providing an easy to understand picture of the seabed. In time-lapse
mode a demonstrable lack of change is a powerful indicator of seal integrity. Any seabed
changes that do occur can be targeted by in situ measurements of gas or a sampling survey to
show whether or not CO, leakage is involved. The key area for such monitoring would be
around the K12-B platform over the two compartments where CO;, is being injected.

The structure and topography of the sea bottom could be imaged with a multibeam echo sounder
and/or side-scan sonar. To obtain a detailed image of the first ten meters of the sea bottom sub-
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bottom profiler lines are envisaged. These would cover the depth range where core samples can
be taken. Finally, high resolution seismic using a sparker or boomer would provide a detailed
image of the subsurface down to about 100 metres depth. The aim of this survey would be to link
shallow features such as shallow gas pockets or faults to deeper structures observed on the 3D
seismic data.
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3.6 P18 GASFIELD

3.6.1 Background to the P18 (& P15) storage operation

Since 1993 high calorific gas has been produced from the P15 and P18 blocks, off the
Netherlands. This is done from several platforms, among which the P18-A satellite platform, and
the P15-ACD processing and accommodation structure, respectively lie 20 and 40 km NW of
Rotterdam (Figure 3-41).

Gas Pipelines N I h S
Qil Pipelines o ea
CO2 Pipelines

B Platform

&« Wells

0il Field

@ Gas Field

Figure 3-41: Location P15/P18 complex relative to the Dutch shore. Source: CO, offshore
storage, deep under the Dutch North Sea, (image courtesy TAQA; TAQA, 2009)

The almost depleted gas reservoirs at P15 and P18 are considered suitable for CO, storage. They
contained large amounts of natural gas under high pressures for millions of years. Furthermore,
there is a lot of high quality geological data for these specific structures, to assist in safely
storing CO,. They are relatively close to large CO, emitters and are located offshore, which
would likely avoid complex permitting procedures.

The CO, would be injected into a sandstone formation below impermeable layers of Triassic
clay at over 3 km depth.
3.6.1.1 INFRASTRUCTURE

The P18 installation consists of a 4 legged steel jacket (Figure 3-42). Its primary function is the
production and transfer of wet gas to the P15-D processing platform some 20 km further offshore
(Figure 3-43).
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Figure 3-42: P18-A Satellite platform. (image courtesy TAQA; TAQA, 2009)

The P15-ACD installation comprises two 6 legged steel jackets and one 4 legged steel jacket
(Figure 3-43). Their functions are:

P15- A Well production
P15-C Oil processing and accommodation

P15-D Gas and condensate processing, compression and transporting to shore,
metering and control

Figure 3-43: P15-ACD Processing & Accommodation Platforms. (Image courtesy TAQA;
TAQA, 2009)

3.6.1.2 ROADMAP
Injection of CO; in the P18 and P15 fields is planned in several phases:

Phase 1 - From the P18-A platform CO, can be injected into several depleted gas
reservoirs using multiple injection wells. The combined theoretical storage capacity
accessible from this platform amounts to around 41 million tonnes of CO,. The effective
storage capacity will depend on the maximum permitted reservoir pressure.

Phase 2 - After natural gas production ceases from the P18-A platform, the existing
pipeline to P15-ACD can be used to transport CO to this central facility from where CO;
can be distributed to the P15 reservoirs, providing an additional 44 million tonnes of
theoretical storage capacity.

77



CR/10/030; Final 1.0 Last modified: 30/11/2010

Phase 3 - When natural gas throughput ceases completely, the 26 inch pipeline can be
turned to CO, transport duty. The P15-ACD facility could then be used for many years to
boost pressure to transport CO, north to other depleted gas reservaoirs.

This section will describe phase 1 of the CO, storage project.
3.6.2 Geological Setting

3.6.2.1 STRUCTURE

The reservoir structures comprise multiple compartments bounded by a system of NW-SE
oriented faults forming horst and graben structures. The reservoir rocks are of Triassic age,
belonging to the Bunter Sandstone (“Main Buntsandstein Subgroup”, Van Adrichem Boogaert
and Kouwe, 1994b; Wong et al., 2007) (Figure 3-44), and consist of sandstones intercalated with
thin layers of shale. The tops of the compartments lie at depths between 3175 m and 3455 m
below sea-level (Figure 3-45).

[SE]
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4500 l

LEGENDA
NORTH SEA GROEPEN DELFLAND en WERKENDAM LOWER BUNTSANDSTEIN FORMATIE
FORMATIE
OMMELANDEN CHALK FORMATIE P anIA en AALBURG - KOOLWATERSTOF HOUDEND GESTEENTE
TEXEL CHALK FORMATIE UPPER GERMANIC TRIAS GROEP
RIJNLAND GROEP MAIN BUNTSANDSTEIN SUBGROEP

Figure 3-44: Geological cross section of the P15 field, illustrating the stratigraphy and
geological setting. Source: Winningsplan P18a, P18c & P15c (courtesy TAQA)

The reservoir rocks were deposited in a typical desert environment with scarce but intense
rainfall. The reservoir consists mainly of dune (aeolian) and river (fluvial) sediments. The
aeolian sands have the best reservoir properties, comprising clean, well sorted sands with
relatively low shale content.

The source rocks for the natural gas, present in the reservoir structures, are the coal layers from
the underlying Carboniferous.
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Figure 3-45: 3D view on the top Bunter from a geological model which is still under

construction (image courtesy CATO2 project).

3.6.2.2 RESERVOIR PROPERTIES

At P18 the Main Buntsandstein Subgroup consists of several units:

e The Hardegsen

Fm.

e The Detfurth Fm.
e The Volpriehausen Fm.

Based on well log data the porosity in the Hardegsen Formation varies around 10-12% and in the
Deturth Formation it is slightly lower at about 9-11%. Maximum porosities encountered in the
clean sandy parts of both formations are around 21 %. The combined thickness of both
formations is about 100 m and permeabilities range generally from 0.1 -100 mDarcy. The
Volperiehausen has a much lower porosity, around 5%, and also lower permeability. The
thickness of the Volperiehausen is around 100 m. Table 3-4 sums up some general data about
these formations at P18. The irreducible water content is around 15 to 20 % and the
abandonment pressures for the compartments are about 20 to 30 bars.

Table 3-4: General data on Main Buntsandstein Subgroup sandstones at the P18 location.

Formation Porosity Thickness

Hardegsen Fm. 10%-12% 100 m (combined thickness)
Detfurth Fm. 9%-11%

Volpriehausen Fm. 5% 100 m

For the different reservoir compartments (i.e. P18-2, P18-4 and P18-6) an estimate has been
made, based on the gas production history, of the total storage capacity per compartment (Table

3-5).



CR/10/030; Final 1.0

Table 3-5: General data on the compartments at P18.

Last modified: 30/11/2010

Compartment | Initial conditions CO; storage Depleted by wells
bar °C capacity (Mt)

P18-2 355 126 32 2017 3

P18-4 340 117 8 2015 1

P18-6 364 117 1 2015 1

Much of the general information of the P18 field also applies to the P15 gas field (Table 3-6)
although depletion dates were not readily available. The geological setting is the same. The
platform infrastructure is more complex than that at the P18 location, which is merely a satellite

platform.

Table 3-6: General data on the compartments at P15.

Compartment | Initial conditions CO, storage Depleted by wells
bar °C capacity (Mt)
P15-9 347 117 11 ? 2
P15-10 272 104 1 ? 1
P15-11 283 102 16 ? 2
P15-12 301 112 2 ? 1
P15-13 288 107 9 ? 1
P15-14 334 107 2 ? 1
P15-15 318 120 1 ? 1
P15-16 290 109 1 ? 1
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3.6.2.3 OVERBURDEN PROPERTIES
P18-A top location

<« Base North Sea
Supergroup

— e 3

* . Base Upper Cretaceous
Supergroup
L +—— Base Lower Cretaceous
Supergroup

+«—— Posidonia Shale
Formation

Base Jurassic Supergroup

Figure 3-46: Seismic section of the overburden at P18-A. The surface represents the base
of the Lower Germanic Trias Group (also base of the reservoir). Note the fractured nature
of the Triassic and Jurassic sediments (up to the Posidonia Shale Formation) and the
continuity of the Lower Cretaceous and younger sediments (courtesy CATO?2 project)

The overburden at P18-A is formed by several geological formations. The North Sea
Supergroup, of Cenozoic age, is the shallowest stratigraphical unit and comprises mostly
siliciclastic sediments, from approximately seabed to 1000 m depth. It encompasses the Lower,
Middle and Upper North Sea Groups, the bases of which are marked by distinct unconformities.
The lower group comprises Palaeocene and Eocene strata, predominantly marine deposits, the
middle group includes mainly Oligocene marine strata, and the upper group consists of the
marine to continental Miocene and younger sediments. The North Sea Supergroup in the area of
interest is unfaulted at seismic resolution scale. Clayey sequences are very abundant, especially
in the lower parts of the North Sea Supergroup and could very well act as secondary seals. The
presence of trap structures has not yet been investigated.

The North Sea Supergroup unconformably overlies the Upper Cretaceous Supergroup, which
ranges from approximately 1000 m to 2400 m depth, and in this area comprises the Ommelanden
Formation, the Texel Formation and the Texel Greensand Member. During the Late Cretaceous,
the influx of fine-grained clastics into the marine realm (Lower Cretaceous) diminished. A fairly
uniform succession of marls and limestones of the Texel and Ommelanden Formations
developed. These sediments have an earthy texture and are commonly known as ‘chalk’. The
sealing properties of these formations are questionable although this interval is largely unfaulted.

The Lower Cretaceous Supergroup consists of the Holland Formation, the Vlieland Claystone
Formation and Vlieland Sandstone Formation and ranges from approximately 2400 m to 3400 m
depth. In locations close to P18-A, some of the sandstone layers present in this interval are gas
bearing, demonstrating the sealing capacity of various claystone intervals in this succession.

In the area of interest the Lower Cretaceous is mainly unfaulted (on seismic resolution scale),
improving the likelihood that layers in this level could indeed act as secondary seals.
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At P18-A the Jurassic Supergroup consists of the Nieuwerkerk Formation, Lower Werkendam
Member, Posidonia Shale Formation, Aalburg Formation and the Sleen Formation and ranges in
depth from approximately 3400 m to 3900 m. The Nieuwekerk Formation predominantly
comprises continental deposits, whereas the other formations consist of marine sediments mainly
in the form of clays which could very well act as secondary (or even primary) seals.

The primary seal is formed by clay layers from Triassic and lower Jurassic age (the Upper
Germanic Trias and Altena Group). Faults are present in this primary seal, but these do appear to
be sealing and in general do not penetrate the caprock further upwards than the Posidonia Shale
Formation (Figure 3-46). Reservoir closure along the bounding faults is obtained by
juxtaposition of shale layers of various ages and clay smear. These bounding faults do not
continue further upward into the overburden than the shales of the Altena Group. Due to the
sealing nature of the bounding faults there is no water drive in the compartments.

3.6.3 Risk profile

The risks for migration out of the reservoir into the overburden or for leakage at the sea bottom
are considered minimal for P18, which is a depleted gas field with no active aquifer drive. This
means that the reservoir is well below hydrostatic pressure. Injection of CO, will be done in such
a way that the average reservoir pressure remains below the initial gas pressure and below
fracture pressure. This reduces considerably the risk of cap rock breaching.

The caprock has proved to be gas tight. Of course the properties of o2, especially in
combination with connate water, are different from methane, which means that dissolution and
precipitation of minerals, respectively creating or blocking migration pathways, needs to be
thoroughly investigated. This is part of the characterization of the reservoir and caprock.
Furthermore the possibility of fault reactivation needs attention, since the reservoir has been
depressured (depleted) and CO, injection would involve repressuring. Again this is mostly a
matter of proper characterization.

The injectivity of the reservoir is considered to be an issue. The main reservoir is heterogeneous
with potentially rapid lateral facies changes typical of a fluviatile setting. This may lead to
problems during injection such as local pressure build-up. This will be noticed immediately by
monitoring the required injection pressure. Apart from geological heterogeneity of the reservoir,
near wellbore effects such as salt precipitation or Joule Thompson effects (like freezing) of the
CO; due to adiabatic expansion might also cause problems. Again, these effects will be
immediately measured through the required injection pressure.

In terms of migration of CO;, into the overburden the main potential pathways considered are:

e Along existing or new wellbores
e Along fault (zones)

A more detailed analysis of the state of the existing wells is still to be performed.
Characterization of these wells, followed by well integrity measurements, are necessary. In the
worst case this may require a work-over of one or more of the wells.

Migration along the fault zones is not considered likely, since the faults appear to be sealing and
in general do not penetrate the caprock further upwards than the Posidonia Shale and Aalburg
Formation (Figure 3-46).

Laterally the reservoir is constrained by a structural closure and sealing faults. Migration within
the reservoir is therefore not a crucial parameter to monitor. However, it does provide input for
the predictive simulation models demonstrating a proper understanding of the reservoir and
associated flow processes.
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3.6.4 Possible monitoring programme at P18

Since this project is still at an early stage, no monitoring plan exists yet. However, current ideas
about a monitoring programme are as follows:

e Continuous pressure and temperature at the wellhead and downhole.

e Composition of the injected gas.

e Seismic monitoring to identify potential migration out of the reservoir and accumulation
into shallower gas pockets.

e Repeated well integrity logging.

e Side-scan and/or multibeam survey to detect existing pockmarks at the seabottom. In case
pockmarks are detected, in situ gas measurements and/or samples will be taken and
analysed.

e Sniffers at the seabottom to detect potential leakages around the wellbores.

e Well tests during shut-in periods.

One or more of the existing wells will probably be converted into monitoring wells. For the
monitoring wells the following are envisaged:

Continuous pressure and temperature downhole.

Gas sampling and analysis.

Repeated RST logging (combined with sonic, neutron and resistivity logging).
Repeated well integrity logging.

Potentially microseismic monitoring to measure fault reactivation.

Potentially tracers to detect arrival of the CO, front.

Sniffers at the seabottom to detect potential leakages around the wellbores.

3.6.4.1 RESULTS OF THE MONITORING PROGRAMME, ASSESSMENT OF EFFICACY AND FLEXIBILITY
Since this is only a planned project, no monitoring results have been obtained yet.

3.6.4.2 COMPARISON OF THE MONITORING PROGRAMME WITH IEA-GHG TOOL

Comparison of the developing monitoring programme with the more generic recommendations
from the IEA-GHG Monitoring Selection Tool are instructive. Input parameters for the IEA-
GHG tool were set for an offshore site with a depleted gas reservoir at a depth in the range 2500-
4000 m. Duration of the project was set to 10 years with an annual injection rate of 1 million
tonnes. In reality this might be higher, but this does not significantly influence the outcome of
the suggested monitoring plan.

The tool has options for choosing pre-injection, injection, post-injection and post-abandonment
monitoring. For simplicity, the injection phase monitoring option was taken as this in most cases
will assess all of the feasible tool combinations. Plume tracking, seal integrity, migration,
calibration and integrity were selected as the key monitoring objectives.

Tools were selected and ranked for both the ‘Basic’ and *Additional’ monitoring options.

The 'Basic' monitoring package provides a selection of ‘core' tools that would be employed to
adequately verify that injection and storage were behaving as expected, to identify any
deviations from predicted behaviour, and to provide the basis for robust prediction of longer-
term site performance. The 'Additional’ monitoring package includes techniques that provide
additional, possibly complementary, datasets to the basic package. These could be required in the
event that observed site behaviour were to deviate from that predicted, or less radically, for
supplementary monitoring aims addressing particular scientific or public confidence issues.
These would typically include storage efficiency and fine-scale processes, quantification,
seismicity and surface/atmospheric measurements. These techniques would normally be used in
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addition to those selected from the basic package. In particular site-specific circumstances,
‘Additional’ techniques may appropriately replace one or more of the core 'Basic' techniques.

The match between the foreseen monitoring methods and the basic monitoring program resulting
from the IEA-GHG tool (presented in Table 3-7) is very high. The difference is mostly in the
rating and prioritization of the different methods and in the absence of a monitoring well for the
IEA-GHG tool program. Furthermore no special emphasis has been put in the IEA-GHG tool to
monitor well integrity. Additional monitoring techniques suggested by the IEA-GHG tool are
included in Table 3-8.

Table 3-7: Basic monitoring program resulting from the IEA-GHG monitoring tool

Tool Rating % Plume Seal Migration Calibration Integrity
3D surface seismic 75 2.7 2.7 4.0 2.7 3.0
Geophysical logs 50 1.0 2.0 0.0 3.0 4.0
Downhole fluid chemistry 50 0.7 1.3 3.0 2.0 3.0
Downhole pressure/temperature 50 1.0 3.0 0.0 3.0 3.0
2D surface seismic 35 1.3 1.3 2.0 1.3 1.0
Microseismic monitoring 27 13 1.3 0.7 0.7 1.3

Table 3-8: Additional monitoring program resulting from the IEA-GHG monitoring tool

Tool Rating % Plume Seal Migration Calibration Integrity
Multicomponent surface seismic 63 2.0 2.7 3.0 2.0 3.0
Tracers 45 1.0 2.0 2.0 2.0 2.0
Long-term downhole pH 35 0.7 1.3 3.0 2.0 0.0
Cross-hole seismic 30 13 1.3 1.0 13 1.0
Vertical seismic profiling (VSP) 20 0.7 0.7 1.0 0.7 1.0
Bubble stream detection 13 0.0 0.0 0.7 0.0 2.0
Cross-hole EM 11 0.3 0.3 0.7 0.3 0.7
Boomer/Sparker profiling 10 0.0 0.0 1.0 0.0 1.0
Headspace gas 10 0.0 0.0 0.7 0.0 13
Seabottom EM 9 0.3 0.0 1.3 0.1 0.0
Surface gravimetry 8 0.1 0.0 1.3 0.1 0.0
Permanent borehole EM 8 0.3 0.3 0.0 0.3 0.7
Seawater chemistry 7 0.0 0.0 0.7 0.0 0.7
Multibeam echo sounding 7 0.0 0.0 0.0 0.0 1.3
Sidescan sonar 7 0.0 0.0 0.0 0.0 1.3
Well gravimetry 6 0.1 0.1 0.7 0.1 0.0
High resolution acoustic imaging 5 0.0 0.0 0.0 0.0 1.0
Bubble stream chemistry 3 0.0 0.0 0.0 0.0 0.7
Cross-hole ERT 3 0.3 0.0 0.0 0.3 0.0
Tiltmeters 2 0.0 0.2 0.0 0.2 0.0
Ecosystems studies 2 0.0 0.0 0.0 0.4 0.0
Electric Spontaneous Potential 0 0.0 0.0 0.0 0.0 0.0
Fluid geochemistry 0 0.0 0.0 0.0 0.0 0.0
Surface gas flux 0 0.0 0.0 0.0 0.0 0.0
Non dispersive IR gas analysers 0 0.0 0.0 0.0 0.0 0.0

A more detailed description of these aims follows.

CO; Plume imaging

The key tool for plume imaging in general is 3D surface seismic. Geophysical logs, downhole
fluid chemistry and downhole pressure-temperature measurements provide ancillary information.
During the injection phase, microseismic monitoring may provide data on the location of the
advancing CO, front and 2D surface seismic may be a cost-effective alternative to full 3D. Note
that the seismic methods do not attain the maximum scores (4) for efficacy, this is because of the
considerable depth of the P18 storage reservoir, which renders surface seismic methods less than
optimally effective. Additionally, for P18 the presence of gas within the reservoir makes the
feasibility of repeated seismic surveys for plume detection questionable.
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Top seal integrity

The key tools for topseal integrity are downhole pressure/temperature logging and 3D surface
seismic. Geophysical logs and downhole fluid chemistry are also potentially useful, particularly
if top seal breakdown is close to monitoring wells. During the injection phase, microseismic
monitoring could provide data on whether the topseal is being geomechanically compromised.
As above, during the injection phase, 2D surface seismic may be a cost-effective alternative to
full 3D, but will not provide full areal coverage of the top seal.

CO, migration in the overburden

The key tools for the detection and imaging of CO, migration in the overburden are downhole
fluid chemistry and 3D surface seismic respectively. The former can detect, through pH changes,
very small amounts of ingress of CO, into permeable formations. Surface 3D seismic can
provide full coverage of the overburden volume and utilise its full imaging/resolution potential in
the shallower overburden. During the injection phase, microseismic monitoring may provide data
on the location of the migrating CO, front. As above, during the injection phase, 2D surface
seismic may be a cost-effective alternative to full 3D, but will not provide full areal coverage of
the overburden. Geophysical logs would not provide reliable indications of generalised CO,
migration within the overburden except where free CO, accumulates in very close proximity to
the wellbores.

Calibration of flow simulations

The calibration of flow simulations combines aspects of several of the above aims, effective
plume imaging, accurate pressure and temperature monitoring and insights into fine-scale and
geochemical processes. Likely tools are downhole pressure/temperature measurements,
geophysical logs and 3D surface seismic. For P18 where seismic imaging might be difficult,
downhole pressure/temperature is probably the key technology. Downhole fluid chemistry also
has a role, particularly in constraining amounts of dissolution. As in a number of cases above,
microseismic monitoring may be useful in the injection phase, and 2D seismic may in certain
circumstances replace 3D acquisition.

Well integrity

The key tool for monitoring well integrity is clearly geophysical logging, aimed both directly at
the wellbore (cement bond logging etc), but also at the surrounding formations (saturation
logging). Pressure-temperature logging and downhole fluid chemistry are also potentially very
useful. Non-well-based tools include 3D surface seismic for volumetric imaging of the
overburden around the wellbores and multibeam echo sounding to detect surface changes around
the wellbore. During the injection stage, well-based microseismic monitoring can also provide
information on flow and degradation processes around the wellbores.

3.6.5 Monitoring programme in context of latest regulatory requirements

3.6.5.1 EU STORAGE DIRECTIVE / OSPAR

Monitoring requirements of the European Directive and OSPAR are framed around enabling the
operator to understand and to demonstrate understanding of current site processes, to predict
future site behaviour and to identify any leakage. Further requirements of the monitoring include
early identification of deviations from predicted site behaviour, provision of information needed
to carry out remediative actions and the ability to progressively reduce uncertainty.

The P18 reservoir is a nearly depleted gas field with proven capability to retain natural gas over
geological timescales. This makes it reasonable to assume that the reservoir is capable of
retaining CO, as well (with the reservoir pressure remaining below the initial gas pressure).
Nevertheless, an important difference with respect to a field like K12-B is the nature of the
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caprock, consisting of shale instead of salt. Chemical reactions induced by CO, contact with the
shales, combined with possible geomechanical weakening, need to be characterised and
evaluated thoroughly, though no major effects are expected. This would be based on core
analysis and reactive transport simulations.

The main components for monitoring deviations in expected behaviour indicating potential
migration out of the storage complex consist of pressure (and temperature) monitoring. After
proper history matching any deviations from the expected pressure trend during and after the
operational phase is a strong indicator for migration out of the storage complex. As for the K12-
B reservoir, pressure monitoring has the potential to be a powerful tool at this site, since there is
no strong aquifer drive masking potential deviations. A more detailed analysis of the sensitivity
of pressure monitoring with respect to migration out of the storage complex needs to be carried
out.

Tracking the plume in the reservoir will most likely be carried out either through monitoring
well(s) or by seismic data. For the latter a sensitivity analysis needs to be undertaken. With
residual gas present in the reservoir it is unlikely that a detectable signal can be picked up.
Migration out of the reservoir (laterally or vertically), however, will probably be picked up by
seismics. Monitoring wells will provide valuable input (samples, logs) to determine the
migration pathways and the importance of the different trapping mechanisms in the reservoir.

Well integrity is considered the most important issue. Therefore a regular well monitoring
programme is envisaged.

Considering the overall philosophy of the EU Directive enshrined in the three minimum
geological criteria for transfer of liability:

e Observed behaviour of the injected CO; is conformable with the modelled behaviour.
e No detectable leakage.
e Site is evolving towards a situation of long-term stability.

One can say that the three objectives can be covered by the proposed monitoring programme.
The main question will be whether characterisation of the caprock in combination with reservoir
pressure monitoring provides sufficient confidence to omit seismic monitoring for detecting
migration out of the storage complex. Further sensitivity analyses (ongoing work) will be needed
to provide that answer. In case of doubt seismic data acquisition might very well be imposed by
the regulator.

3.6.5.2 EMISSIONS ACCOUNTING (E.G. ETS)

Quantitative monitoring for ETS will only be required, if there is an indication of leakage.
Currently there is no requirement for emission accounting as there is no evidence that the site
will leak. However, in case irregularities are observed for example in the downhole pressure and
temperature measurements, the need for additional monitoring to detect migration pathways out
of the storage complex becomes stringent.

A key question for quantitative monitoring is, of course, to what extent does state-of-the-art
technology allow for an accurate quantification. In that perspective the NSBTF (2009) suggests
in general choosing a combination of a model-driven approach in combination with a monitoring
strategy to best estimate the leakage for ETS purposes.

For P18 a sound strategy would be to detect leakage to the surface by geophysical methods like
seismic data (detection of gas chimneys) or sea-bottom sonar techniques (detection of
pockmarks) and then carry out in situ gas measurements and/or sample these leakage areas for
direct CO, detection. Based on these observations an estimate can be made of leakage rates for
the area. In case of wellbore leakages an additional monitoring program in and around the wells
IS suggested.

86



CR/10/030; Final 1.0 Last modified: 30/11/2010

4 Leakage parameters, scenarios, accuracy

41 EXECUTIVE SUMMARY

This chapter presents modelling work examining CO, leakage parameters at four different
theoretical North Sea sites and a review of CO, leakage parameters from the literature.

Modelling work undertaken by Quintessa examined CO, migration out of the main storage
container at four theoretical sites designed to cover the range of likely storage options in the UK
North Sea. These generic site types are essentially the same as those used for preparing
monitoring schemes in Chapter 8, and examples of each of these types were included in the
examination of actual monitoring plans in Chapter 3.These studies provided estimates of limits
and ranges of parameters that could be monitored at future CO, storage sites, using the results
from simplified systems level models. Parameters derived from modelling plausible scenarios
can help to prioritise suitable monitoring tools and determine monitoring strategies. The sites
were specified to represent all the major Features, Events and Processes (FEPS), including
potential migration paths likely to be encountered.

Scenarios were investigated for each site type using Quintessa’s QPAC-CO2 computer code.
Important processes that can be modelled with this code include the advection of groundwater
and CO, due to pressure and density variations, state changes caused by pressure and
temperature variations, and CO,, dissolution in groundwater. Rapid simulations at the full system
scale were possible which allowed different parameter sensitivities to be explored. This type of
investigation would not be possible with conventional reservoir models which take longer to run
and cover a smaller area because of their finer scale. Values for formation water pH were
calculated separately using the geochemical modelling code PHREEQC v 2.15 and the
thermodynamic database “data0.ypf.R2”. In each case, the potential leakage paths were specified
to occur at the same distance from the injection well, in order to allow comparison of the results.
Simulation results found that if the leakage pathway is reached by the CO, during injection then
leakage will be more significant than if the CO, arrives at the pathway only after injection has
ceased. The simulations were run for 500 years in order to cover any likely period for which
monitoring might be required. However, while breakthrough times to the leakage pathway can be
relatively short, simulations showed that peak CO, fluxes may not have had sufficient time to
develop over the simulation run period in under-pressured or hydrostatic scenarios.

Simulation results suggest that initial reservoir pressure conditions influence where and when
monitoring is appropriate. For all sites wells were the main CO, leakage pathway considered,
although leakage through a fault or through a zone of overburden with enhanced permeability
was also considered. Simulation results suggested that chemical monitoring of a typical cap rock
would be unnecessary because of the small amount of CO, involved and the very long
timescales. Leakage that occurs via a fault or through enhanced-permeability overburden was
found to discharge much more significant volumes of CO,, for the cases studied, than when it
occurs via a borehole, despite the time for a borehole to respond being typically much shorter.
Seawater pH changes above a leakage pathway were found to be extremely small if only CO,-
charged water discharges, but much more significant (1 pH unit or more) if free CO, discharges.
However, these changes are very much controlled by the rate of mixing of seawater at the
discharge point. The aquifer scenario simulation results suggested that if migration occurred
along a wellbore, additional storage might be found in unbounded aquifers above the main
storage reservoir and these aquifers would be the most appropriate monitoring target to show that
the borehole was not providing a leakage pathway.

Leakage parameters assessed by the literature review included CO, flux, concentration,
distribution and duration both from observations and simulations. Leakage parameters were
calculated from a variety of methods, including direct field measurements. Scenarios were
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divided into the following categories; natural CO, releases; CO; injection sites; CO,-EOR sites;
experimental sites and numerical models.

Natural CO; releases exist mainly in volcanic or hydrothermal areas, where deep sourced CO,
is released to the surface. This allows investigation of potential CO, pathways, fluxes and
environmental impacts. Flux rates range typically from background values (107
tonnes/m?/year)up to a few tonnes/m%/year. CO, injection sites at both the pilot and
commercial-scale have, in almost all cases, not detected leakage, as they were chosen carefully
as secure containers (In Salah, Sleipner, Frio and Nagaoka show no leakage, a low flux rate leak
was detected from West Pearl Queen). Methods including tracers and isotopic CO, signatures
have been used to determine if any CO, detected originates from the stored CO, or comes from
unrelated biogenic sources. CO,-EOR sites have been operating in some cases since the 1970s
and as such data on gas releases experienced at these sites can aid estimation of CO, leakage
parameters. Expected leakage rates are very low; for example, at Weyburn, only about 0.001 %
of the predicted total CO, stored at cessation of injection is expected to leak over 5000 years.
Research at these sites indicates that old wells not designed for CO, contact are the most likely
source of leakage. Experimental sites specifically designed to monitor leakage parameters from
CO;, injection into the shallow subsurface to monitor the effects and rate of leakage. Carbon
dioxide release rate and location can be controlled to mimic, for example, potential diffuse
leakage or sudden leakage from a point source such as a fault. These experiments also suggest
that CO, releases become concentrated into ‘hot spots’ which incidentally may aid detection of
low level releases. Numerical models have been developed to investigate CO, migration and
leakage from a variety of storage scenarios and over a variety of timescales. Data from real sites
are input wherever possible and output effects including subsurface CO, saturations and seabed
pH perturbations.

4.2 INTRODUCTION

Leakage scenario modelling was performed by Quintessa to determine plausible leakage
parameter variations for four scenarios selected to represent typical conditions in the southern
and central North Sea. The outputs also provide insights into the likely sensitivities of these
parameters to CO, migration at the full storage system level.

An extensive review of literature describing leakage parameters such as flux, distribution and
duration was carried out by BGS. Findings give an indication of realistic detectability of CO,
leakage and illustrate the potential magnitude of leakage which could be expected if a storage
site were compromised by reference to existing experiences. These include data from natural
analogue sites, experimental sites where small amounts of CO is deliberately leaked to test the
flux rates, monitoring methods and assess ecosystem effects, CO,-EOR sites, CO injection sites
purely for CO, storage and numerical models.

4.3 LEAKAGE SCENARIO MODELLING

This section reports work carried out by Quintessa under sub-contract to the BGS. Outputs from
scoping calculations are presented to determine measurement limits and ranges, for a selection of
key parameters that might be monitored, for several plausible leakage scenarios at a range of
potential offshore UK storage sites. The outputs also provide insights into the likely sensitivities
of these parameters to CO, migration at the full storage system level.

The limits and ranges of parameters that could be monitored at an actual site will depend upon
the specific characteristics of CO, storage there. Consequently, as no sites have yet been
selected, the focus was on developing an understanding of the processes that influence relevant
parameters. This information can then be used as an input to subsequent project tasks, and can
aid the identification of priorities for further work.
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Four generic storage sites were specified to represent the characteristics of the kinds of sites that
are most likely to be used to store CO in the UK’s continental shelf. Scenarios for actual storage
and “worst case” leakage were then specified for each generic storage site. The plausible effects
of this leakage were calculated using simplified systems level models implemented in
Quintessa’s QPAC-CO, numerical modelling code. This code simulates multi-phase migration
of CO, and water throughout the modelled domains, which are represented by simplified model
grids. The pressure- and temperature- dependency of free CO, density and solubility are taken
into account, along with the salinity of the water phase. For the reported application, the systems
modelling approach implemented in QPAC-CO, has the major advantage compared to
conventional reservoir models that simulations are relatively rapid. This is possible largely
through the inherent stability of the employed numerical method, which enables relatively coarse
and stylised systems model grids to be used in addition to conventional reservoir model style
grids. A consequence of the rapid simulations is that couplings between many processes can be
simulated at the full system scale, allowing sensitivities among different parameters to be
explored while considering all the relevant features of the system. It would not be practicable to
explore sensitivities in this way using slower conventional reservoir simulation models.

The systems models implemented in QPAC-CO, output the following key properties as
functions of time:

o fluxes of free and dissolved CO, throughout each storage system;

e cumulative masses of free and dissolved CO, throughout each storage system;
o fluid pressures throughout each storage system; and

e spatial distributions of free CO, throughout each storage system.

Values for formation water pH were calculated separately using the geochemical modelling code
PHREEQC v 2.15 and the thermodynamic database “data0.ypf.R2”. The so-called “Pitzer”
approach to calculating activity coefficients was used since it gives the most accurate results in
the highly saline formation waters considered. These calculations took as inputs the aqueous
CO; concentrations calculated using the QPAC-CO, systems level models.

Scoping calculations were also undertaken separately from the QPAC-CO, simulations to
determine the plausible impacts on seawater pH of any leakage to the seabed.

For comparison with the results of the simulations of leakage via “worst-case” leakage pathways,
scoping calculations were also carried out to determine the maximum likely rates of CO,
seepage into a caprock immediately above a storage reservoir.

The calculations focussed on exploring the consequences of some examples of “worst case” CO,
leakage from these different sites. The rationale was that, if variations in a parameter would not
be large enough to monitor under these extreme circumstances, then developing and applying
monitoring technologies for the parameter would not be a priority. The calculations were also
designed to determine the importance of couplings between the main processes that influence the
considered parameters. The aim was to help determine the circumstances under which it would
be inappropriate to monitor a given parameter.

An expert workshop was convened to define generic storage sites and potential leakage scenarios
as a basis for the study. The workshop was attended by participants from Quintessa, BGS and
TNO.

Systems models were then developed to analyse these entire generic storage systems. Such
systems models complement reservoir models, which represent only part of a system. By
representing an entire system, it is possible to calculate the sensitivity of a parameter in one part
of the system, to variations in the same parameter or a different parameter, in another part of the
system. For example, a systems model representing a CO, storage system could be used to
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determine the sensitivity of groundwater pH in a shallow part of the system to the pressure at
which CO; is injected into a deeper storage reservoir (for a given representation of the geology,
including faults, cap rock etc). However, this kind of systems level treatment requires that the
representation of the system should be simplified in order that calculation times are acceptably
short. Simplification typically involves excluding Features, Events and Processes (FEPs) that are
clearly unimportant; and / or specifying a relatively coarse discretisation of the system.

4.3.1 Scenarios

4.3.1.1 GENERIC SITE DESCRIPTIONS

The expert workshop reviewed information about actual and possible CO, storage sites within
the North Sea. Based on this review, four generic sites were then defined to represent the
characteristics of the different kinds of sites that are most likely to be used to store CO,. The
generic sites were specified to represent all the major kinds of FEP, including potential leakage
paths, likely to be encountered in an actual offshore storage site adjacent to the UK. Thus,
calculations to scope the behaviour of CO, in each of these four types of sites will output
plausible ranges for parameters that could be monitored in the vicinity of actual storage sites, for
the considered scenarios.

The participants in the workshop reviewed all the FEPs in Quintessa’s widely used and freely
accessible on-line CO, FEP database (http://www.quintessa.org/co2fepdb/ ; Savage et al., 2004;
Quintessa, 2010). Those FEPs that were considered to be important in one or more of the
general types of storage sites were identified. This FEP list and the treatment of the FEPs are
given in Appendix 1 (Volume 2).

This approach led to the specification of four kinds of generic sites:
e Southern North Sea Type 1 Storage Sites (Figure 4-1);
e Southern North Sea Type 2 Storage Sites (Figure 4-2);
e Central and Northern North Sea Fault Block-type Storage Sites (Figure 4-3); and
e Central and Northern North Sea Aquifer-type Storage Sites (Figure 4-4).

The key distinguishing characteristics of these generic sites are:
e Storage reservoir conditions (water salinity and pressure);
e Boundary conditions;
e Caprock characteristics;
e Overburden characteristics (notably whether or not aquifers occur); and

e Geological structures.

The important aspects of the North Sea Type 1 storage site, (Figure 4-1) of which the K12-B site
in the Dutch sector of the North Sea is an example, are:

e The CO; storage reservoir is a depleted hydrocarbon reservoir.
o Wells are the main kind of potential leakage path to be considered.

e The CO; storage reservoir is compartmentalized by faults and the storage capacity of any
given compartment may be relatively limited.

e Initially, a CO, storage compartment will be underpressured, owing to previous
extraction of hydrocarbons. However, the pressure will rise during injection and may
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become over-pressured. After closure, the pressure in a compartment is expected to
return to normal values (which may be hydrostatic or slightly overpressured).

e The salt in the caprock and in the shallower overburden will exert a pressure on well
bores, leading to their eventual closure.

Seawater

Owerburden — most likely
- mixed sandstones and
mudrocks

4 paLIopLEY

Clean” salt caproc

Sandstone
reservoir
funder-
pressured
initially) 5

i !

Lower permeability rocks at depth

Figure 4-1: Schematic illustration of a Type 1 CO; storage site in the southern North
Sea(which is broadly similar to the K12-B site in the Dutch sector of the North Sea).

In contrast, the North Sea Type 2 storage site (Figure 4-2) is broadly similar to the P-18 site, also
in the Dutch sector of the North Sea. This kind of storage site has several important aspects.
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Figure 4-2: Schematic illustration of a Type 2 CO; storage site in the southern North Sea
(which is broadly similar to the P-18 site in the Dutch sector of the North Sea).

The CO;, storage reservoir is a depleted hydrocarbon reservoir.
The CO;, trap is an anticlinal structure formed above deeper salt diapirs.
Wells are potential leakage pathways that need to be considered.

Faults formed in the axes of the anticlinal structures owing to tension developed during
folding and may potentially act as leakage pathways.

Some of these faults may extend as far as the seabed while others terminate at depth.

The caprock is a mudrock-dominated sequence and, unlike in the Type 1 storage site,
there is no great thickness of salt in the overburden.

Initially the reservoir may be under-pressured owing to hydrocarbon extraction. During
injection of CO, the pressure will rise and may become slightly over-pressured. After
closure, pressures will return to normal values which may be hydrostatic.

Fault block type CO, storage sites in the central or northern North Sea (Figure 4-3) are broadly
similar to the CO; site proposed by BP in the Miller Field. This kind of storage site has the
following important aspects.

The CO;, storage reservoir is a depleted hydrocarbon reservoir.

The reservoir rock is sandstone that is compartmentalized by faults and lies within a
series of horst blocks and graben structures. There may be water drive in some
compartments but not in others.

Wells are the main kind of potential leakage path to be considered.
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Figure 4-3: Schematic illustration of a fault block type CO; storage site in the central or
northern North Sea (which is broadly similar to the Miller Field).

e There are no salt deposits in the over-burden, unlike at Southern North Sea Storage Site
Type 1.

e Initially the reservoir may be under-pressure owing to hydrocarbon extraction. During
injection of CO, the pressure will rise and may become slightly over-pressured. After
closure, pressures will return to normal values, which may be hydrostatic.

Aquifer-type storage sites, such as those that occur in the central and northern North Sea (Figure
4-4) are broadly similar to the CO, storage site at Sleipner. The main features of this kind of
storage site are as follows:

e The CO; storage reservoir is a “saline aquifer”.
e Initially, the reservoir is normally pressured, with pressures being close to hydrostatic.

e The reservoir extends laterally for a considerable distance (tens to hundreds of
kilometres) and migration of the injected CO, plume will be effectively unconstrained
laterally.
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Figure 4-4: Schematic illustration of an aquifer-type CO; storage site in the central or
northern North Sea (which is broadly similar to Sleipner).

The relatively long distance for which the CO, may migrate means that it is possibly
more likely than in other kinds of reservoir, that wells (including abandoned wells) will
be encountered by the CO,.

The over-burden is very heterogeneous, containing both sandy lenses and more
continuous mudrocks. If connected, it is possible that the sand lenses could represent
leakage pathways.

There may be gas chimneys in the over-burden. These chimneys are sub-vertical zones
within which gas fills the pore space. These features are significant because effectively
there would no capillary entry pressure that migrating CO, would need to exceed to enter
them. Consequently, if these chimneys are sufficiently connected they may represent
potential leakage pathways for CO, migration. There was some debate at the workshop
as to whether these features are likely to be significant. It was noted that if only 2% of the
porosity is filled by gas then the gas-containing structure will tend to be resolved on
seismic profiles. However, if the gas content is as low as this, then such a “chimney” may
not be an effective CO, leakage pathway. It follows that the chimneys that are seen on
seismic profile may not in fact represent potential pathways for CO, migration.
Additionally, the origin of these features is open to debate. A true gas chimney is
indicative of past gas migration and represents the residual gas that was left behind when
gas migrated through a rock mass. However, many of the apparent gas chimneys seen in
seismic profiles may in fact indicate in-situ biogenic gas formation. Owing to the
uncertainty concerning whether or not gas chimneys are likely to occur, it was agreed to
undertake calculations to explore their potential significance in the event that they do
occur.
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4.3.1.2 LEAKAGE SCENARIOS

Having specified the different kinds of storage site, the participants in the expert workshop
discussed the ways in which the important FEPs could be represented within generic scenarios. It
was concluded that scoping calculations should be undertaken to explore the consequences of
hypothetical leakage through different kinds of hypothetical leakage pathways. The aim was not
to predict leakage, but rather to identify how monitoring could verify such leakage in the
unlikely event that it occurs unexpectedly, and also determine how monitoring can build
confidence that such leakage does not occur. To this end it was decided that the scoping
calculations should investigate the following basic scenarios:

e CO; leakage through a well (essentially a 1D leakage path, henceforth termed the “well
leakage scenario”);

e CO, leakage through a fault (essentially a 2D leakage path, henceforth termed the “fault
leakage scenario”);

e CO, leakage through a zone of rock with enhanced permeability (essentially a 3D
leakage path, representing either heterogeneously distributed interconnected permeable
strata within a dominantly impermeable overburden, or a gas chimney, henceforth termed
the “leaking caprock and enhanced-permeability overburden scenario™);

For comparison, it was also decided to scope the small extent to which CO, will seep into the
caprock.

It was agreed that each scenario would have the following common features:
e A reservoir;
e Animpermeable caprock;
e Animpermeable overburden containing a “deep aquifer” and a “shallow aquifer”;
e Representation of seawater at the top boundary;

e Explicit representation of an injection well.

4.3.2 Numerical models

4.3.2.1 CODE DESCRIPTION

The scenarios described in Section 4.3.1 were investigated using Quintessa’s QPAC-CO,
computer code (Quintessa, 2008). This software consists of Quintessa’s general purpose multi-
physics modelling code QPAC, and a collection of modules designed to enable the behaviour of
CO; to be simulated. The most important module simulates multi-phase flow, which enables
modelling of the most important processes connected with CO, migration and partitioning
between different phases. The code also has default parameter values for all associated physical
properties, which can be over-ridden by the modeller if necessary. Important processes include
the advection of groundwater and CO, due to pressure and density variations, state changes
caused by pressure and temperature variations, and CO; dissolution in groundwater. In summary,
the main features of the model, as implemented in QPAC-CO2 for the work reported here are:

e Multi-phase flow;

e CO, dissolution using the Peng-Robinson Equation of State (EOS) used for CO, and the
Rowe-Chu equation for water pressure and density;

e Spatially variable, but temporally invariant temperature;
e The CO; dissolution model including both salinity control and fugacity; and
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e Solution of the following eight variables per compartment per time step:
0 amount of water,

amount of free CO;;

saturation of water;

saturation of free CO;;

pressure of water;

pressure of free COy;

molar volume of free CO,; and

O O O o o o o

amount of dissolved gas.

For the reported application, the systems modelling approach implemented in QPAC-CO;, has
the major advantage compared to conventional reservoir models that simulations are relatively
rapid. This speed is possible largely through the inherent stability of the employed numerical
method which enables relatively coarse and stylised systems model grids to be used in addition
to conventional reservoir model style grids. A consequence of the rapid simulations is that
couplings between many processes can be simulated at the full system scale allowing
sensitivities among different parameters to be explored while considering all the relevant
features of the system. It would not be practicable to explore sensitivities in this way using
slower conventional reservoir simulation models.

4.3.2.2 REPRESENTATIONS OF SCENARIOS

Using QPAC-CQO?2, the various scenarios described in Section 4.3.1 were represented within a
single basic systems model that contains all the “scenario-defining” features (Figure 4-5). By
appropriate parameterisation, these different features could be turned on and off in order to
produce the different scenarios. The spatial dimensions represented by the model were chosen to
allow ready scaling to other dimensions.

Within the model representation of a particular kind of site, each of the alternative potential
leakage paths was specified to occur at the same distance from the injection well. This approach
was taken to allow ready comparison of the results from calculations representing the different
scenarios. The distance was calculated during initial test simulations to be the same as the
distance travelled by the margin of the CO, plume during 10 years of injection.

In the scenario where CO,, leakage can occur through a zone of rock with enhanced permeability,
the simulated leakage path had anisotropic permeability, with vertical permeability and
horizontal permeability being specified separately. The reservoir had a sufficiently fine spatial
discretisation to allow an adequately realistic representation of the CO, plume’s extent.

The duration of the simulations was 500 years, which was considered sufficient to bracket the
period for which conceivably monitoring will be undertaken. This choice of duration recognizes
that the actual period for which monitoring will be carried out is presently undefined. While
monitoring will not be undertaken for such a long period, plausibly it could be carried out for >
100 years.
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Figure 4-5: Schematic illustration of a systems model to represent the various scenarios. As
implemented within QPAC-CO2, the model is three-dimensional.

4.3.2.3 CALCULATION OF CASES AND PARAMETERISATION

The hypothetical extreme leakage scenarios presented in Section 4.3.1 were represented using
three basic model cases:

Case 1 has a relatively deep reservoir filled initially with brine. The initial water in the reservoir,
prior to CO;, injection, is below hydrostatic pressure and the final fluid pressure in the reservoir,
at the end of CO; injection, is hydrostatic.

Case 2 has a relatively shallow reservoir filled initially with saline water. The initial water in the
reservoir, prior to CO, injection, is at hydrostatic pressure and the final fluid pressure in the
reservoir, at the end of CO, injection, is slightly above hydrostatic pressure. Following the end
of injection, the latter pressure decreases rapidly to hydrostatic pressure.

Case 3 has a relatively shallow reservoir filled initially with brine. The initial water in the
reservoir, prior to CO, injection, is at hydrostatic pressure and the final fluid pressure in the
reservoir, at the end of CO;, injection, is just below (85%) of lithostatic pressure.

It should be noted that the description of Case 1 covers both the Type 1 CO, storage site in the
southern North Sea (Figure 4-1) and the fault block type CO, storage site in the central or
northern North Sea (Figure 4-3). These two kinds of site differ primarily in the characteristics of
the overburden, there being salt in the former but not in the latter. This distinction is significant
for the applicability of certain kinds of monitoring, notably by seismic methods, but is not
relevant to the calculations presented here, which simulate CO, migration via leakage pathways.

Parameter values were supplied by BGS and TNO and are plausible values, based on published
literature, for the considered generic sites. The parameter values are given in Table 4-1,

Table 4-2 and Table 4-3 corresponding to Case 1, Case 2 and Case 3 respectively.
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For each of these basic modelled site types, the three alternative leakage scenarios were
investigated:

e Case 1 Well, Case 2_Well and Case 3_Well investigate leakage through a well in Cases
1, 2 and 3 respectively.

e Case 1 Fault, Case 2 Fault and Case 3 Fault, investigate leakage through a fault in
Cases 1, 2 and 3 respectively.

e Case 1 Cap, Case 2 _Cap and Case 3_Cap investigate leakage through a leaking caprock
and enhanced-permeability overburden in Cases 1, 2 and 3 respectively.

Thus, in the figures and tables below, each case is denoted by a number (1, 2 or 3) that denotes
the overall site type, followed by an identifier that indicates the kind of leakage path being
evaluated. Implicit in the designation of the site type are the reservoir geometry and the initial
and final pressure conditions.

Table 4-1: Key Parameters for Case 1

Parameter Media Value Comments
Intrinsic ~ Permeability | Reservoir 70 Expert judgment of project
(mD) team
Well 1000 As discussed
Fault 0.5 Notional, assuming only a
small fraction of the gridded
volume is ‘flowing’
Failed Cap 0.5 As above
Deep aquifer 1000
Upper aquifer 3000
Porosity (-) Reservoir 0.15
Well 0.15
Fault 0.01 Notional, assuming only a
small fraction of the gridded
volume is ‘flowing’
Failed Cap 0.01 As above
Deep aquifer 0.3
Upper aquifer 0.37
Salinity (ppm) Reservoir 250000
Well 35000
Fault 35000
Failed Cap 35000
Deep aquifer 250000
Upper aquifer 35000
Top Elevation (m) Reservoir -3000
Well -190
Fault -190
Failed Cap -190
Deep aquifer -1000
Upper aquifer -190 This is the top elevation. In
the failed cap scenario there
are no deep or shallow
aquifers, hence the ‘failed
cap’ media type runs from
the reservoir top to the model
top (-190 m). The model has
-190 m of seawater above
the seabed.
Key Dimensions (m) (1/4 | Reservoir 2500x4500x140
model)
Well 0.2 (diameter)
Fault 2500 m x 220 Size on grid
Failed Cap 220 x 240 Size on grid
Deep aquifer linear: 4000x2500x100 radial dimensions used for
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Parameter Media Value Comments
radial: well leakage and linear for
4000x100 fault
Upper aquifer linear: 4000x2500x100 radial dimensions used for

radial:

well leakage and linear for

4000x100 fault
Table 4-2: Parameterisation for Case 2
Parameter Media Value Comments
Intrinsic ~ Permeability | Reservoir 1000
(mD)
Well 1000 Expert judgment of project
team
Fault 0.5 Notional, assuming only a
small fraction of the gridded
volume is ‘flowing’
Failed Cap 05 As above
Deep aquifer 1000
Upper aquifer 3000
Porosity (-) Reservoir 0.3
Well 0.15
Fault 0.01 Notional, assuming only a
small fraction of the gridded
volume is ‘flowing’
Failed Cap 0.01 As above
Deep aquifer 0.3
Upper aquifer 0.37
Salinity (ppm) Reservoir 35000
Well 35000
Fault 35000
Failed Cap 35000
Deep aquifer 35000
Upper aquifer 35000
Top Elevation (m) Reservoir -1800
Well -190
Fault -190
Failed Cap -190 This is the top elevation. In
the failed cap scenario there
are no deep or shallow
aquifers, hence the ‘failed
cap’ media type runs from
the reservoir top to the model
top (-190 m). The model has
-190 m of seawater above
the seabed.
Deep aquifer -1000
Upper aquifer -190
Key Dimensions (m) (1/4 | Reservoir 12500x22500x140
model)
Well 0.2 (diameter)
Fault 2500 m x 250 Size on grid
Failed Cap 250 x 250 Size on grid
Deep aquifer linear: 4000x2500x100 radial dimensions used for
radial: well leakage and linear for
4000x100 fault
Upper aquifer linear: 4000x2500x100 radial dimensions used for
radial: well leakage and linear for
4000x100 fault
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Parameter Media Value Comments
Intrinsic ~ Permeability | Reservoir 100 This value is at the lower end
(mD) of the range reported for the
Utsira Sand
Well 1000 Expert judgment of project
team
Fault 05 Notional, assuming only a
small fraction of the gridded
volume is ‘flowing’
Failed Cap 0.5 As above
Deep aquifer 1000
Upper aquifer 3000
Porosity (-) Reservoir 0.2
Well 0.15
Fault 0.01 Notional, assuming only a
small fraction of the gridded
volume is ‘flowing’
Failed Cap 0.01 As above
Deep aquifer 0.3
Upper aquifer 0.37
Salinity (ppm) Reservoir 250000
Well 35000
Fault 35000
Failed Cap 35000
Deep aquifer 250000
Upper aquifer 35000
Top Elevation (m) Reservoir -1800
Well -190
Fault -190
Failed Cap -190 This is the top elevation. In
the failed cap scenario there
are no deep or shallow
aquifers, hence the ‘failed
cap’ media type runs from
the reservoir top to the model
top (-190 m). The model has
-190 m of seawater above
the seabed.
Deep aquifer -1000
Upper aquifer -190
Key Dimensions (m) (1/4 | Reservoir 2500x5000x140
model)
Well 0.2 (diameter)
Fault 2500 m x 250 Size on grid
Failed Cap 250 x 250 Size on grid
Deep aquifer linear: 4000x2500x100 radial dimensions used for
radial: well leakage and linear for
4000x100 fault
Upper aquifer linear: 4000x2500x100 radial dimensions used for
radial: well leakage and linear for
4000x100 fault

These different model cases can be mapped to the generic sites and scenarios described in
Section 4.3.1, as shown in Table 4-4
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Table 4-4: Summary of initial calculation cases, showing correspondence between cases
calculated with the generic systems model in Figure 4-5, and the different types of storage

site.

Simulations undertaken with generic systems model
illustrated in Figure 4-5

Corresponding Storage Site

Southern Southern Central & Central &
North Sea | North Sea | Northern North | Northern North
Cases Type 1 Type 2 Sea Fault Block- | Sea Aquifer-
Storage Storage type Storage type Storage
Sites Sites Sites Sites
Case Initial reservoir Fma:ergggrrgow Injection
pressure FEN ote 2) duration
Leaking well scenario
Under-pressured Hydrostatic Corres- Corres- No
1 well (Note 1) (Note 1) S0 years pondence pondence Correspondence correspondence
: Hydrostatic+ Weak corres- | Corres-
2_Well Hydrostatic (Note 3) 50 years pondence pondence Correspondence | Correspondence
: Sub-lithostatic Weak corres- | Corres- Weak
3 Well Hydrostatic (Note 4) 50 years pondence pondence Correspondence Correspondence
Leaking fault scenario
1 Fault Under-pressured Hydrostatic 50 vears No corres- Corres- No No
- (Note 1) (Note 1) y pondence pondence | correspondence | correspondence
- Hydrostatic+ No corres- Corres- No No
2_Fault Hydrostatic (Note 3) S0 years pondence pondence | correspondence | correspondence
3 Fault ; Sub-lithostatic No corres- Corres- No No
(Note 4) Hydrostatic (Note 5) 50 years pondence pondence | correspondence | correspondence
Leaking caprock and enhanced overburden permeability
1 Ca Under-pressured Hydrostatic 50 vears No corres- Corres- No No
—-ap (Note 1) (Note 1) y pondence pondence | correspondence | correspondence
- Hydrostatic+ No corres- Corres- No
2_Cap Hydrostatic (Note 3) 50 years pondence pondence | correspondence Correspondence
: Sub-lithostatic No corres- Corres- No Weak
3 Cap Hydrostatic (Note 5) 50 years pondence pondence | correspondence | Correspondence
Notes:

1. The under-pressured case corresponds to a depleted hydrocarbon reservoir that has not regained equilibrium after
cessation of hydrocarbon extraction. The actual pressure used in the calculations was a plausible minimum value,
obtained from a review of North Sea data. Maximum permitted simulated pressure in the under-pressured case was
limited to hydrostatic.

2.

3. The final pressure was determined by the nature of the boundary conditions. A hydrostatic boundary condition
corresponds to cases where the reservoir is open laterally. A sub-lithostatic boundary condition corresponds to cases
where the reservoir is confined laterally by low-permeability faults and / or lower permeability rock formations faulted
against the reservoir.

4. The final pressure within the modelled section of reservoir diminishes towards a hydrostatic value. The final pressure
was calculated by the model, given a fixed hydrostatic pressure at a distance far from the modelled section of reservoir.

5. Although the case does not correspond to any of the chosen sites, it was considered in the calculations as a basis for
comparison with Case 3_Well and Case 3_Cap.

6. The maximum permitted simulated pressure within the modelled section of reservoir was a plausible maximum
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It was sought to compare cases where leakage occurs during injection (when injection itself
provides a driving force for leakage) with those after injection (when there is no driving force
from injection). However, while a plausible injection period could be specified (nominally set at
50 years), the timing of post-injection leakage could not be constrained. Therefore, to bound the
effects of post-injection leakage a small number of alternative cases were evaluated in which
injection ceased after 10 years. By this time the CO, plume had migrated only as far as the
leakage path.

It is apparent from Table 4-4 that Case 3_Fault does not correspond to any of the specified
generic sites. This is because the only site at which over-pressuring is likely to occur do not have
significant faults penetrating the caprock and overburden (Figure 4-1 and Figure 4-3).

4.3.2.4 DISCRETISATION

Compared to reservoir simulation models that are commonly employed by the hydrocarbons
industry, the systems models used in the present work had much coarser spatial discretisations. A
reservoir model would typically represent a domain of similar size to the reservoirs considered
here by using tens or hundreds of thousands of cells. In contrast the models described here
represented entire storage systems using only around 2500 compartments. The relatively small
number of compartments included in these models means that the spatial variability of
parameters is represented less precisely and accurately than would be the case for a typical
reservoir model. However, the relatively coarse discretisation means that compared to a reservoir
model, a greater number of processes can be considered at the systems level. Therefore, the
discretisation adopted for the work is more appropriate for the kinds of scoping calculations
needed to meet the project’s objectives.

The discretisations used for the different model cases developed in the present work are
illustrated in Figure 4-6 to Figure 4-12.
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Time = 0 years

Injection Point

Figure 4-6: Reservoir used for the relatively deep reservoirs (Case 1). Coloured by
elevation (m). Note that the model is designed to represent % of a 3D anti-form with
injection under the top of the dome at the base of the reservoir.
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It should be noted that the leakage paths are positioned different distances away from the
injection well in Case 1 (Figure 4-7, Figure 4-8 and Figure 4-9) and in Cases 2 and 3 (Figure
4-10, Figure 4-11 and Figure 4-12). The reason is that the different boundary conditions and
final pressure constraints in the different cases caused varied extents of CO, plume migration
after 10 years.

Initially, test simulations were undertaken for each reservoir type (c.f. Figure 4-7 and Figure
4-10), but no leakage path was specified. In the simulation representing Case 1, CO, was
injected at a constant (and maximum) injection rate until the pressure at the injection point
reached 95% of the hydrostatic pressure. Thereafter, the injection rate was decreased to zero
when a mean reservoir pressure of 105% hydrostatic was attained. The injection rates were
adjusted so that, given these pressure constraints, after 50 years the injection rate was zero.
Using the adjusted injection rate, the extent of CO, plume migration after 10 years was
established. In each subsequent simulation the centre of the considered leakage path was sited at
this distance from the injection point.
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Figure 4-7: Model discretisation used for relatively deep reservoirs (Case 1_Well) — Well
leakage case. Coloured by elevation (m).
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Figure 4-8: Model discretisation used for relatively deep reservoirs (Case 1_Fault) — Fault

leakage case. Coloured by elevation (m).
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Figure 4-9: Model discretisation used for relatively deep reservoirs (Case 1_Cap) —
localised Cap leakage case. Coloured by elevation (m).

Similarly, test simulations were undertaken for Case 2, again without any representation of
leakage paths. The injection rate was adjusted so that it became zero after 50 years, given the
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constraints on pressure. As for Case 1, the leakage paths in subsequent simulations were then
placed at a distance from the injection point equal to the maximum distance from this point

reached by the CO, plume after 10 years of injection.

To facilitate comparison between modelled cases with similar overall reservoir geometry, in
simulations for Case 3, the leakage paths were positioned at the same distance from the injection

point as in Case 2.
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Figure 4-10: Model discretisation used for relatively shallow reservoirs (Cases 2_Well and
3_Well) — Well leakage cases. Coloured by elevation (m).
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Figure 4-11: Model discretisation used for relatively shallow reservoirs (Cases 2_Fault and
3_Fault) — Fault leakage cases. Coloured by elevation (m).
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Figure 4-12: Model discretisation used for relatively shallow reservoirs (Cases 2_Cap and
3_Cap) - localised Cap leakage case. Coloured by elevation (m).
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4.3.3 Leakage modelling results

4.3.3.1 INJECTION
The modelled CO;, injection rates varied from case to case owing to:

e the differing initial and final pressure constraints and boundary conditions in the three
different basic model cases and;

e the different properties of the various leakage paths.

In Case 1 Well, Case 2 Well, Case 1 Fault, Case 2 _Fault, Case 1 _Cap and Case 2_Cap the
injection was managed through a maximum rate, which was then limited by formation pressure
in the injection compartment, in a similar way to that described for the test cases in Section 4.3.2.
In these cases injection ramped down from the maximum rate at 95% of hydrostatic to zero at
105% of hydrostatic.

In Case 3_Well, Case 3_Fault and Case 3_Cap, the injection was similarly managed. In this case
injection ramped down from the maximum rate at 80% lithostatic, to zero at 90% lithostatic
(assuming bulk density of 2500 kg m™®).

In each case, differing degrees of containment gave rise to different reservoir pressures and
hence slightly varying total injection volumes. This is consistent with expected real field
operation.

The CO; injection rates and total injected masses of CO, in each of the modelled cases are
tabulated in Table 4-5 and illustrated in Figure 4-13 to Figure 4-16.

The flux of injected CO, is dependent upon the pressure in the reservoir at the commencement
of injection and the final pressure attained, both of which reflect in turn the boundary conditions
(whether the reservoir is effectively open laterally or confined). Thus, the highest injection rates
were attained in Case 2, in which injection took place in a shallow reservoir without lateral
confinement (Figure 4-13 to Figure 4-16).

In Case 3, the shallow, but confined nature of the reservoir causes the pressure initially to
increase following the on-set of injection. The injection rate falls accordingly. However, as the
CO; plume increases in size, the resistance to additional injection of CO, decreases and the rate
of injection increases once more. This increase continues until near-lithostatic pressure is
attained, when the injection rate is specified to decrease.

Table 4-5: Relationship between injection rates across different cases and leakage
scenarios.

Simulation Peak Time of Cumulative
Case injection peak injected mass
rates injection of CO2 at
rates 50y
tonnes y-! y tonnes
1_Well 3.75E5 35 1.63E7
2_Well 9.38E6 50 4.69E8
3_Well 4.43E6 20 2.03E8
1_Fault 3.75E5 30 1.55E7
2_Fault 9.38E6 50 4.69E8
3_Fault 4.47E6 20 2.05E8
1 Cap 3.75E5 35 1.63E7
2_Cap 9.38E6 50 4.69E8
3 _Cap 4.44E6 20 2.03E8
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4.3.3.2 FLUXES AND RESPONSE TIMESCALES

The time-dependent fluxes at selected locations are plotted for a sub-set of cases in Figure 4-13
and Figure 4-14.
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Figure 4-13: Time-dependent variant fluxes of free CO, (tonnes y™) at the boundary
between reservoir and well leakage pathway for Case 1_Well, Case 2_Well and Case
3_Well.

The model did not consider the detailed characteristics of the well; it was simply specified that
the well failure resulted in a given value of enhanced permeability. For Case 1_Well, the aquifers
act as significant CO; sinks and effectively buffer the release to seabed. Most leaked CO;, in the
well case enters the deep aquifer and spreads throughout. At 500 years free CO, even leaves the
outer radial boundary of the deep aquifer. Peak water concentrations are approximately 0.23 mol
I"! adjacent to the well. Despite a reservoir loss rate of approx 20,000 kg y, only 3 kg y™* makes
it to the sea bed (8 kg y™ after 500 y)

Case 2_Well, gives a generally similar response to Case 1_Well, but tends to be faster because
CO; and water are more mobile in an unconstrained reservoir. The amount of CO; dissolution in
Case 2_Well is also higher than in Case 1_Well because the salinity is considerably lower; the
reservoir in Case 1 contains brine with Total Dissolved Solid (TDS) content = 250,000 mgl™,
whereas in Case 2, the reservoir contains brine with TDS = 35,000 mg|™.

The behaviour for Case 3_Well is quite different from the other cases, principally because the
CO;, becomes over pressurised (85% of lithostatic pressure). This pressurisation radically
increases the speed at which migration through the leakage pathways occurs and the leakage
rates once breakthrough has been achieved.
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Figure 4-14: Time-dependent variant fluxes of free CO, (tonnes y) at the intersection of
the well leakage pathway and the sea bed for Case 1_Well, Case 2_Well and Case 3_Well.

In contrast the Case 1_Fault showed almost no interaction with the aquifers, and almost all CO,
lost from the reservoir travels up to the seabed. The control on this is the effective area of
intersection. In the fault case there is a large plan area (albeit at a low permeability) that can take
buoyant CO,, relative to the lateral intersection with the aquifer. Consequently considerable
vertical migration is possible even given the highly permeable lateral route through the aquifers.
Losses from the fault and cap cases are significant in terms of reservoir containment. Clearly if
there was a much more permeable well or a poorer connection then the well pathway could
dominate.

As for Case 1 Well, Case 2_Fault is broadly similar to Case 1_Fault, except that responses are
faster in Case 2_Fault, owing to the unconfined nature of the reservoir. In contrast, Case 3_Fault
once again gave considerably different results, owing to the more highly pressurised final
condition.

The breakthrough times of free CO, and dissolved CO, at important locations in the generic
sites are shown for all cases and scenarios in Table 4-6 and Table 4-7 respectively.

Table 4-6: Times of Free CO, breakthrough to important locations (y).

Case Reservoir | Reservoirto | Leakage Leakage Boundary Boundary Leakage
boundary (if leakage pathway to | pathwayto | fluxes from | fluxes from | pathway to
open) pathway | lower aquifer | upper aquifer | the lower the upper sea bed
aquifer aquifer

1_Well 500 9 40 60 220 - 70
2_Well 0 10 10 20 280 0 25
3_Well 500 15 15 20 60 - 25
1_Fault 500 4 100 200 50 50 200
2_Fault 0 3 120 240 0 0 260
3_Fault 500 6 25 50 360 6 50
1 Cap 500 7 - - - - 90
2 _Cap 0 10 - - - - 280
3 Cap 500 15 - - - - 60

109



CR/10/030; Final 1.0 Last modified: 30/11/2010

Table 4-7: Times of Dissolved CO, breakthrough to important locations (y).
Reservoir | Reservoirto | Leakage Leakage Boundary Boundary Leakage
, fluxes from | fluxes from | pathway to
Case boundary (if leakage pathway to | pathway to hel h bed
open) pathway | lower aquifer | upper aquifer the lower the upper seabe
aquifer aquifer
1_Well 500 0 40 50 140 50 500
2 Well 30 500 0 20 180 360 500
3 Well 500 10 2 20 500 340 500
1_Fault 500 0 60 180 500 60 180
2_Fault 30 2 2 220 0 5 220
3_Fault 500 2 3 40 180 7 45
1_Cap 500 0 - - 90
2 Cap 30 8 - - 240
3_Cap 500 10 - - 25

The CO;, plume tends to dissolve CO; in the water ahead of it, which in turn tends to be pushed
up the leakage pathway, ahead of the rising CO, (especially near the CO, phase transition). This
means dissolved CO, can reach the sea bed ahead of the main free CO, plume. It should be
noted that here, breakthrough is defined as the first time where 1% of peak flux is exceeded at a
given location. Because dissolved fluxes tend to peak earlier than free fluxes (once the free CO,
pathway gets established and reaches a dynamic equilibrium, water tends not to be pushed ahead
to any great degree), this definition tends to make the breakthroughs for dissolved gas earlier.

For each of these locations, given in Table 4-7, peak fluxes and times at which these peak fluxes
occurred are given for free CO, and dissolved CO; in Table 4-8 and Table 4-9 respectively.

Table 4-8: Peak fluxes (tonnes y™) and times of peak fluxes (y) at important locations for
Free CO,.

Reservoir Reservoirto | Leakaae pathway | Leakage pathwa Boundary fluxes | Boundary fluxes Leakage

Case boundary (if ge pathway 9 PAWAY | o the lower | from the upper | pathway to sea
leakage pathway | to lower aquifer | to upper aquifer X .
open) aquifer aquifer bed

Flux Time | Flux Time | Flux Time | Flux Time | Flux Time | Flux Time | Flux Tim

e
1 Well |0.0E+00| O |6.7E+01| 500 |6.5E+01| 500 | 9.2E-01 | 500 |6.5E+01| 500 | 4.2E-27 | 500 | 2.4E-02 | 500
2 Well | 84E-24 | 50 |7.0E+01| 500 |6.9E+01 | 500 | 9.5E-01 | 500 |6.9E+01 | 500 | 4.3E-27 | 500 | 2.5E-02 | 500
3 Well |0.0E+00| 0 |4.5E+02| 500 |4.5E+02 | 500 |3.6E+00 | 500 |4.5E+02 | 500 | 2.4E-26 | 500 | 8.5E-02 | 500
1 Fault | 0.0E+00 | O |55E+04 | 35 |3.6E+03| 240 |19E+02 | 320 | 5.2E-26 | 260 | 3.2E-27 | 260 | 5.6E-03 | 500
2 Fault | 84E-24 | 50 |3.4E+04| 5 |7.8E+03| 500 |5.1E+02 | 500 | 1.0E-25 | 500 | 1.4E-26 | 420 | 1.2E+04 | 500
3 Fault |[0.0E+00| 0 |1.8E+05| 50 |1.2E+05| 50 |3.4E+03| 500 |6.0E+04 | 500 | 1.0E-25 | 420 | 3.8E+04 | 500
1 Cap |0.0E+00| O |4.6E+04 | 35 5.5E+03 | 200
2 Cap | 84E-24 | 50 |7.4E+03| 15 4.1E+03 | 500
3 Cap |0.0E+00| O |3.7E+04| 50 2.6E+04 | 500

The maximum peak flux of CO; in this table is for Case 3_Fault. However, even this peak flux
only implies several million tonnes are lost to the lower aquifer within the considered time
frame, which itself is a much greater quantity than any CO, leaking from the entire system. The
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total injected mass of CO, at 50 years is given in Table 4-10. For Case 3_Fault, the total mass
injected was 2.05E8 tonnes. Thus, around 3% of the injected CO, leaked over this timescale.

Table 4-9: Peak fluxes (tonnes y™) and times of peak fluxes (y) at important locations for

Dissolved CO,.

Reservoir Reservoir to Leakage Leakage Boundary fluxes |  Boundary Leakage
Case | boundary (if leakage pathway to pathway to from the lower | fluxes from the | pathway to sea
open) pathway lower aquifer upper aquifer aquifer upper aquifer bed

Flux Time |Flux Time | Flux Time | Flux Time | Flux Time | Flux Time | Flux Time
1 Well | 0.0E+00 0 2.4E+00 | 30 6.9E-01 45 1.9E-02 60 5.3E-01 220 |3.6E-06| 440 | 0.0E+00 0
2 Well | 4.7E+03 | 500 | 3.4E-01 10 6.8E-02 15 6.5E-02 25 6.0E+00 | 280 |1.6E-05| 500 | 0.0E+00 0
3 Well | 0.0E+00 0 48E-01 | 20 | 7.3E-01 20 1.6E-02 25 | 2.6E+00 60 |[1.3E-02| 500 | 0.0E+00 0
1 Fault| 0.0E+00 0 2.3E+03 | 10 | 1.6E+02 | 140 | 9.2E+00 | 300 | 1.4E-04 1 |25E-04| 260 | 2.0E+01 | 300
2 Fault| 4.7E+03 | 500 | 9.0E+02 | 10 | 2.6E+02 | 120 | 3.1E+01 | 260 | 1.4E-03 | 500 |1.4E-03| 420 | 9.2E+01 | 260
3 Fault| 0.0E+00 0 2.4E+02 6 5.4E+02 30 5.8E+01 60 1.1E+03 | 320 |1.0E-02| 420 | 1.6E+02 | 60
1 Cap | 00E+00 | O | 85E+02 | O 5.6E+01 | 120
2 Cap | 4.7E+03 | 500 | 7.4E+02 | 15 2.5E+01 | 320
3 Cap | 0.0E+00 | 0 | 1.3E+02 | 20 14E+02 | 70

It is stressed that tables Table 4-8 and Table 4-9 do not show the time for breakthrough, but
rather the time of maximum (peak) CO, flux at the stated localities within the modelled time
frame of 500 y. Thus, a peak flux at 500 y means that the maximum simulated flux occurred at
this time. However, if the flux was still increasing at 500 years, the maximum peak flux would
occur after this time. Since the models were not run to longer times, the actual time of peak flux
could not be specified. Of course it would be possible to run the models to longer times.
However, given the target of the investigations was to shed light on monitoring strategies that
will be employed on shorter timeframes, long-term monitoring was not carried out.

Of importance for designing monitoring programmes is knowledge of the areas over which the
leakage of CO;, is likely to occur. Peak areal fluxes of free CO, and dissolved CO;, are tabulated
for the same locations as considered previously in Table 4-10 and Table 4-11 respectively.

Table 4-10: Peak areal fluxes (tonnes m? y™) at important locations for Free CO».

. . Leakage Leakage Boundary Boundary Leakage

Reservoir Reservoir

. pathway to | pathwayto | fluxes from | fluxes from | pathway to

Case boundary (if | to leakage

lower upper the lower the upper sea bed
open) pathway : ; ; .
aquifer aquifer aquifer aquifer

1_Well 0.0E+00 1.9E+00 5.2E-01 7.3E-03 2.6E-05 0.0E+00 1.9E-01
2_Well 0.0E+00 2.0E+00 5.5E-01 7.6E-03 2.7E-05 0.0E+00 2.0E-01
3_Well 0.0E+00 1.3E+01 3.5E+00 2.9E-02 1.8E-04 0.0E+00 6.8E-01
1_Fault 0.0E+00 1.9-01 2.0E-02 1.2E-03 0.0E+00 0.0E+00 1.2E-02
2_Fault 0.0E+00 1.4E-01 3.1E-02 2.0E-03 0.0E+00 0.0E+00 1.9E-02
3_Fault 0.0E+00 2.9E-01 4.9E-01 1.4E-02 2.4E-01 0.0E+00 6.1E-02
1 Cap 0.0E+00 2.2E-01 - - - - 2.6E-02
2 _Cap 0.0E+00 2.9E-02 - - - - 1.6E-02
3 Cap 0.0E+00 1.5E-01 - - - - 1.0E-01
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Table 4-11: Peak areal fluxes (tonnes m?y™) at important locations for Dissolved CO».

. . Leakage Leakage Boundary Boundary Leakage
Reservoir Reservoir
. pathway to | pathwayto | fluxes from | fluxes from | pathway to
Case boundary (if | to leakage
lower upper the lower the upper sea bed
open) pathway . . : _
aquifer aquifer aquifer aquifer
1_Well 0.0E+00 6.9E-02 5.5E-03 1.5E-04 2.1E-07 0.0E+00 0.0E+00
2_Well 8.8E-03 9.7E-03 5.4E-04 5.1E-04 2.4E-06 0.0E+00 0.0E+00
3 Well 0.0E+00 1.3E+01 3.5E+00 2.9E-02 1.8E-04 0.0E+00 6.8E-01

1_Fault 0.0E+00 4.2E-03 6.2E-04 4.6E-05 0.0E+00 0.0E+00 4 5E-05

2_Fault 8.9E-03 1.4E-03 1.0E-03 1.2E-04 0.0E+00 0.0E+00 1.5E-04

3_Fault 0.0E+00 3.9E-04 2.2E-03 2.3E-04 4 4E-03 1.2E-07 2.6E-04

1_Cap 0.0E+00 | 4.0E-03 - i i - 2.6E-04
2_Cap 8.8E-03 3.0E-03 - i i - 1.0E-04
3_Cap 0.0E+00 | 5.2E-04 - i i - 5.7E-04

To illustrate the impact of the pressure conditions in the reservoir on the leakage fluxes, time-
variant fluxes of CO, at the intersection between a fault leakage pathway and the seabed are
given for the three basic cases in Figure 4-15. This figure shows clearly that the leakage fluxes in
Case 3, which had the greatest final mean reservoir pressure at the end of CO; injection (85% of
lithostatic in contrast to near-hydrostatic in the other cases), were much greater than for the other
cases.
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Figure 4-15: Time variant areal fluxes of free CO, (tonnes m? y™) at the intersection of the
fault leakage pathway and the sea bed for Case 1_Fault, Case 2_Fault and Case 3_Fault
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Figure 4-16: Time-variant injected flux of CO;, at the injection point. Fluxes are shown for
the fault leakage cases Case 1_Fault, Case 2_Fault and Case 3_Fault. In all cases injection
rates were limited so that the maximum formation pressure was not exceeded in the
injection compartment at any time during injection.

4.3.3.3 DIsPOSITION OF CO;

The final spatial distributions of CO, within a site are relevant to the design of monitoring
programmes since they allow definition of the rock volume to be monitored. Cumulative masses
of free CO;, and dissolved CO;, in important locations at the end of the simulation period of 500
years are tabulated for each case in Table 4-12 and Table 4-13 respectively.

Table 4-12: Cumulative mass of Free CO, after 500 years (tonnes) at important locations.

. , Boundary Boundary Leakage
Reservoir | Reservoirto | Leakage Leakage
, fluxes from | fluxes from | pathway to
Case boundary (if | leakage pathway to | pathway to hel h bed
open) pathway | lower aquifer | upper aquifer the lower the upper seabe
aquifer aquifer

1 Well 0.0E+00 2.4E+04 2.3E+04 3.3E+02 1.6E+04 2.0E-24 7.7E+00
1_Fault 0.0E+00 5.3E+06 9.2E+05 4.3E+04 1.5E-23 6.5E-25 1.0E+06
1 Cap 0.0E+00 3.6E+06 - - 2.0E+06
2_Well 2.3E-21 2.9E+04 2.9E+04 3.9E+02 1.4E+04 2.1E-24 9.2E+00
2_Fault 2.3E-21 6.4E+06 2.2E+06 9.1E+04 2.6E-23 1.1E-24 1.8E+06
2 Cap 2.3E-21 1.4E+06 - - 5.9E+05
3_Well 0.0E+00 1.8E+05 1.8E+05 1.5E+03 1.7E+05 3.3E-24 3.4E+01
3 _Fault 0.0E+00 6.4E+07 4.7E+07 1.2E+06 3.5E+06 1.3E-23 1.2E+07
3 Cap 0.0E+00 1.0E+07 - - 8.6E+06

113




CR/10/030; Final 1.0

Last modified: 30/11/2010

1year

Time

50 years

200 years

00

e

8 & 8 8 @8 -

3
a
2

=
Time = 400 years .. ..

Figure 4-17: Time series of CO; saturation variation for the Case 1_Fault model (1, 50, and

200 years).

To illustrate how the spatial disposition of CO, depend upon the relative permeabilities of
reservoir, leakage pathway and any aquifers in the overburden, outputs from Case 1_Fault are
shown after 1, 50 and 200 years in Figure 4-17. In this case there is almost no interaction
between the migrating CO, and the aquifers. The reason for this, as stated earlier, is the effective
areas of intersection. In the fault case there is a large plan area (albeit at a low permeability) that

can take buoyant CO,, relative to the lateral intersection with the aquifer.
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Table 4-13: Cumulative mass of Dissolved CO, after 500 years (tonnes) at important
locations.

. . Boundary Boundary Leakage
Reservoir | Reservoirto | Leakage Leakage
, fluxes from | fluxes from | pathway to
Case boundary (if leakage pathway to | pathway to hel h bed
open) pathway | lower aquifer | upper aquifer the lower the upper sea be
aquifer aquifer

1 Well 0.0E+00 2.7E+02 2.8E+02 4.6E-01 2.9E+01 1.7E-04 0.0E+00
1_Fault 0.0E+00 1.1E+05 3.0E+04 1.1E+03 2.7E-04 4 4E-02 2.3E+03
1 Cap 0.0E+00 1.6E+04 - - - - 4.3E+03
2_Well 1.2E+06 1.3E+00 3.8E+00 5.8E-01 2.8E+02 3.7E-04 0.0E+00
2_Fault 1.2E+06 6.6E+04 3.5E+04 1.8E+03 3.6E-01 9.3E-02 5.7E+03
3 Cap 0.0E+00 1.8E+04 - - - - 8.5E+03
3 Well 0.0E+00 1.8E+02 2.9E+02 5.0E-01 3.6E+01 1.7E-01 0.0E+00
3_Fault 0.0E+00 2.4E+04 7.9E+04 4.1E+03 2.1E+05 1.3E+00 1.3E+04
2 Cap 1.2E+06 4.0E+04 - - - - 2.3E+03

4.3.3.4 DISSOLVED GASES IN AQUIFERS

Any relatively permeable horizons that might occur in the overburden above the cap rock could
potentially form reservoirs for secondary CO, storage. Consequently, such aquifers may be
targets for monitoring. However, not all aquifers will be accessible to migrating CO,. It is
therefore important that designs for monitoring programmes are founded on an understanding of
the factors that influence whether CO, will enter these aquifers. To inform the development of
this understanding, the distributions of dissolved gases in the modelled aquifers are given in
Table 4-14.

Table 4-14: Characteristics of dissolved gasses in the Lower and Upper aquifers.

Case Peak Fraction Peak Average Peak Maximum Peak Maximum Time of Peak
Impacted (-) Concentration (mol I'1) Saturation (-) Concentration (mol I1) Impact (y)
Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper

1_Well | 1.00E+00 | 4.35E-01 | 1.80E-01 | 4.92E-02 | 1.40E-01 | 8.43E-02 | 2.72E-01 | 4.47E-01 200 440
2_Well | 1.00E+00 | 4.35E-01 | 1.58E+00 | 5.76E-02 | 1.41E-01 | 8.47E-02 | 1.58E+00 | 4.47E-01 160 380
3_Well | 1.00E+00 | 1.00E+00 | 1.80E-01 | 2.14E-01 | 1.94E-01 | 1.02E-01 | 2.79E-01 | 4.47E-01 60 400
1_Fault| 6.46E-02 | 1.28E-02 | 2.48E-02 | 3.84E-03 | 1.53E-01 | 8.57E-02 | 1.82E-01 | 4.47E-01 500 480
2_Fault| 9.77E-02 | 2.69E-02 | 1.03E-01 | 6.49E-03 | 1.64E-01 | 9.35E-02 | 1.58E+00 | 4.48E-01 460 500

3_Fault| 1.00E+00 | 3.15E-01 | 1.81E-01 | 6.08E-02 | 3.03E-01 | 1.98E-01 | 1.82E-01 | 4.50E-01 260 480

The temporal variations in average dissolved CO, concentrations in the upper and lower aquifers
for the three modelled cases where leakage occurs through a fault are illustrated in Figure 4-18.
This figure shows that, as expected, the concentrations of CO; in the lower aquifer are higher
than in the upper aquifer. The actual concentrations are quite small, but in principle would be
easily detectable if samples could be obtained.
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Figure 4-18: Calculated average concentrations of dissolved gas in the upper and lower
aquifers as a function of time for fault leakage cases, Case 1_Fault, Case 2_Fault and Case
3_Fault.

4.3.3.5 GAS PRESSURES

Gas pressures could be monitored to indicate whether the system is behaving as expected.
Temporal variations in pressure at different locations in the leakage pathway are illustrated for
the “leaking caprock and enhanced-permeability overburden scenario” in Cases 1, 2 and 3 (Case
1 Cap, Case 2_Cap and Case 3_Cap), in Figure 4-19, Figure 4-20 and Figure 4-21 respectively.
Comparison between these figures shows the strong dependency of the pressure variation on the
initial pressure conditions in the reservoir.

The models contained no injection well as such, but rather CO, was injected directly into the
reservoir. Equivalent bottom hole pressures were calculated (and used to limit injection) by
specifying the well geometry. The pressures are therefore cell averaged formation pressures at
different radii from the injection location.
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Figure 4-19: Gas pressures (MPa) in the reservoir and at the base (-3000 m), centre (-1405
m) and top (-190 m) of the leakage pathway as functions of time for Case 1_Cap.

Figure 4-19 shows the pressure response at the base of the failed cap for Case 1_Cap. The failed
cap gives the greatest mean representative variation in pressure of the three leakage modes.
Clearly in this case the system showed the impact of the low initial reservoir pressure (the cap
zone and reservoir are not in equilibrium at t=0). Also shown are the effects of subsequent
injection, and the initiation of upwards pressure-driven flow (especially between 2 and 20 years)
through the leaking zone, combined with buoyancy effects, which then tend to dominate by >20

years.

In contrast, the Case 2_Cap pressure response was much smaller (Figure 4-20). In this case the
system showed only minor pressure impacts as a result of the injection and subsequent gas
migration and as such CO, migration up the pathway is largely buoyancy driven.
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Figure 4-20: Gas pressures (MPa) in the reservoir and at the base, centre and top of the
leakage pathway as functions of time for Case 2_Cap.

The Case 3 Cap pressure response was much greater than in Case 2_Cap and similar in
magnitude to that shown by Case 1 Cap (Figure 4-21). Case 3 _Cap showed the impact of
injection, and the initiation of upwards pressure-driven flow along the leaking zone in addition to
buoyancy effects. However, the temporal variations in the responses differed markedly between
Case 1_Cap and Case 3_Cap. Whereas the former case showed a decrease in pressure over the
first few years of injection, followed by a later increase, the latter showed a steady increase in
pressure from the on-set of injection. These reflect the differing initial and final pressures.

It would also be possible to monitor pressure variations within any relatively permeable
formations that occur within the overburden above the reservoir. However, in the cases
considered in the present work, the most extreme calculated pressure responses in the aquifers
were quite small. The most extreme variations occurred in Case 3_Fault. In this case, the final
reservoir pressure at the termination of injection was relatively high, at 85% of lithostatic
pressure. Consequently, there was a relatively steep pressure gradient driving CO, along the
fault leakage pathway. Nevertheless, the pressure responses in the two aquifers were relatively
small (Figure 4-22).
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Figure 4-21: Gas pressures (MPa) in the reservoir and at the base, centre and top of the

leakage pathway as functions of time for Case 3_Cap.
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Figure 4-22: Gas pressures (MPa) in the deep aquifer, 100 m and 3 km from the leaking
fault for the Case 3 fault leakage case. This case shows the most extreme (and yet relatively
modest) pressure variation in the aquifers as a result of CO, leakage.
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4.3.4 10 year injection cases

For comparison with the outputs from simulations of CO; injection over 50 years, cases were
run for the Fault and Well leakage scenarios where CO;, injection was halted after 10 years (the
approximate time that the CO, plume interacts with the leakage pathway). These cases represent
the consequence of leakage from the reservoir being identified at the earliest possible
opportunity and injection ceasing as a consequence.

The cases are difficult to compare with the 50-year cases because the volumes and reservoir
dispositions of CO, are so different, but the following observations can be made for the Well
leakage cases:

e In all cases losses from the reservoir continued to the end of the run, albeit at
significantly reduced rates.

e Peak well loss rates and cumulative losses for the closed reservoir cases (1 and 3) are
reduced by 2-3 orders of magnitude, such that no leakage occurs to the seabed or the
upper aquifer. Impacts to the lower aquifer extend to a maximum of 20% of the volume
and then only at very low saturations.

e For the open reservoir case (Case 2) peak well loss rates and cumulative losses are only
reduced by approximately a factor of two. The open boundaries of this case allow the
CO, to spread more widely along the top of the reservoir and permit a higher net
injection rate than Cases 1 and 3, hence leakage can be sustained due to the higher CO,
saturations at the base of well.

For the fault leakage cases the behaviour is slightly more variable, but can be summarised as
follows:

e Case 1. Losses from the reservoir are reduced by approximately a factor of 5 (total and
maximum rate). This reduction in loss is sufficient that the gas does not break through to
the sea bed or the aquifers; the inflow of water into the reservoir from the aquifers is
sufficient to dissolve all leaking free CO,. Leakage is maintained until the end of the
model run.

e Case 2: The open boundaries again allow CO, to spread significantly right up to and
beyond the leakage pathway; hence the fault is able to generate a stable leakage pathway.
As such the maximum leakage rates and cumulative amounts are only reduced by
approximately 2/3 versus the 50 year injection case. Leakage is maintained until the end
of the model run.

e Case 3: The high pressurisation and significant size of the fault zone allows a significant
CO, saturation pathway to be maintained between the CO, ‘bubble’ and the leakage
pathway. The key difference with Case 1 fault leakage is that the over-pressurisation
allows pathways to the aquifers and seabed to be maintained. All peak flux rates and
cumulative fluxes are reduced by a factor of approximately 5. Leakage is maintained
until the end of the model run.

In all cases it appears that leakage is maintained at a significant fraction of the 50 year rates for
most cases. An effective termination of leakage to aquifers and seabed only occurs in Case 1,
where the inflowing water from the aquifers is sufficient to dissolve all the reduced quantity of
free CO, leaving the reservoir. It is also clear that the disposition of CO; in the reservoir
relative to the leakage pathway is important in the reduced injection time cases. If a CO,
saturation link cannot be maintained between the leakage pathway and the main bubble of CO,,
then significant leakage cannot occur. In the case with open boundaries (Case 2), there is a much
greater areal spread of CO, along the upper boundary of the reservoir, and a larger mass injected
generally, enabling such a link to be maintained.
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4.3.5 Offline calculations

4.3.5.1 WATER PH

The pH of the formation waters and seawater depends upon a large number of factors, many of
which will be site-specific, including: the formation water chemistry; temperature; the
mineralogy of the rock formation; and mixing between different waters. For these reasons, it is
not possible to calculate precise values of pH for the various waters at a storage site. Therefore,
this section describes calculations that are designed to scope plausible magnitudes of pH changes
for the considered scenarios.

The pH of the different waters in each of these scenarios could have been calculated using the
QPAC-CO;, code. However, in order to minimise the simulation times with this code, and hence
maximise the number of simulations that could be undertaken, these pH values were calculated
separately. The PHREEQC 2.15 geochemical modelling code (Parkhurst and Appelo, 1999) was
used for this purpose.

Geochemical calculations of this kind involve the calculation of activity coefficients for aqueous
species. For relatively dilute solutions, with ionic strengths up to around 0.8 (or TDS of about
35,000 mgl™, similar to that of seawater), the so-called “ion pairing and complexing” approach is
commonly used (e.g. Davies, 1962; Helgeson, 1969). However, at progressively higher salinities
this approach becomes increasingly inaccurate and would give very inaccurate results for
salinities of about 250,000 mgl™, the highest considered in the present work. For this reason, the
PHREEQC calculations were carried out using the alternative “specific ion interaction” approach
(Pitzer, 1987 and references therein), which is appropriate for very saline solutions. This
approach was implemented using the thermodynamic database “data0.ypf.R2” (USDOE, 2007),
which is the most complete one available for this purpose. The database was produced by Sandia
National Laboratories and is freely available in a format suitable for use with the EQ3/6
geochemical modelling code (Wolery, 1992). Quintessa has re-formatted the database to allow it
to be used with PHREEQC (Benbow et al., 2008).

The QPAC-CO2 output includes calculated concentrations of dissolved CO, at important
localities within each generic storage site (Table 4-14). To calculate corresponding values for
pH requires knowledge of the compositions and pH of the various natural waters prior to the
introduction of CO,. However, the compositions of formation waters in the North Sea are wide-
ranging and reported compositions are often incomplete (Warren and Smalley, 1994). Therefore,
for the scoping calculations reported here, theoretical formation water compositions were
calculated so as to be:

e Dbroadly similar to published compositions of similar salinity;
¢ internally consistent (e.g. charge-balanced); and

e consistent with likely mineral-water buffering reactions (e.g. as reported in Hutcheon et
al. 1993).

The following constraints were specified:
e pH was consistent with albite / Na-beidellite buffering (following Hutcheon et al, 1993).

e Na concentrations were adjusted so that, given the other constraints, the water attained
the required TDS (either 35,000 mgl™ or 250,000 mgl™).

e ClI concentrations were adjusted to achieve charge balance.

e In the case of the formation waters with 35,000 mgl™® TDS, Ca concentrations had the
same ratio with respect to Na concentrations as reported for seawater (Na/Ca = 45.57;
Summerhayes and Thorpe, 1996).
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In the case of formation waters with 250,000 mgl™ TDS Ca concentrations had the same
ratio with respect to Na concentrations as reported Permo-Triassic basinal brine (Na/Ca =
49.53; Bath et al., 2003).

HCO3 concentrations were constrained by equilibrium with calcite.

In the case of the formation waters with 35,000 mgl™* TDS, SO, concentrations had the
same ratio with respect to Na concentrations as reported for seawater (Na/Ca = 16.61;
Summerhayes and Thorpe, 1996).

In the case of the formation waters with 250,000 mgl™ TDS, SO, concentrations were
constrained by equilibrium with anhydrite.

Al concentrations were constrained by equilibrium with Beidellite-Na.

Si concentrations were constrained by equilibrium with chalcedony?,

The pH values that are produced by the dissolution of CO; in the formation waters are shown in
Table 4-15.

Table 4-15: Calculated pH in the lower and upper aquifers corresponding to the peak
average and peak maximum CO, concentrations in Table 4-14. The first three rows show
the calculated formation water pH prior to addition of CO,.

Peak Fraction pH at Peak Peak Maximum | pH at Peak Maximum |  Time of Peak
Case Impacted (-) Average Saturation (-) Concentration (-) Impact (y)
Concentration (-)

Lower Upper Lower |Upper |Lower |Upper |Lower Upper Lower |Upper
1_No CO2 - 6.13 8.04 - - 6.13 8.04 - -
2_No CO2 - - 7.19 8.04 - - 7.19 8.04
3_No CO: - - 6.13 8.04 - - 6.13 8.04
1_Well 1.40E- | 8.43E-

1.00E+00 | 4.35E-01 | 3.59 4.39 01 02 3.42 3.59 200 440
2_Well 1.41E- | 8.47E-

1.00E+00 | 4.35E-01 | 3.39 433 01 02 3.39 3.59 160 380
3_Well 1.94E- | 1.02E-

1.00E+00 | 1.00E+00 | 3.59 3.83 01 01 341 3.59 60 400
1_Fault 1.40E- | 8.43E-

1.00E+00 | 4.35E-01 | 4.41 5.47 01 02 3.58 3.59 200 440
2_Fault 1.64E- | 9.35E-

9.77E-02 | 2.69E-02 | 4.41 5.24 01 02 3.39 3.59 460 500
3_Fault 3.03E- | 1.98E-

1.00E+00 | 3.15E-01 | 3.59 431 01 01 3.58 3.58 260 480

The pH values in Table 4-15 are minimum values that would be produced by adding the
specified amounts of CO, to the formation waters, because no mineral buffering reactions are
specified. That is, once a theoretical natural water composition had been calculated as described

above,

no further mineral reactions were permitted during the simulated addition of CO,. This is

a limiting case; in reality it is expected that there would be some significant mineral reactions
over monitoring timescales. Most likely these reactions would involve carbonate mineral phases

* The thermodynamic database “data0.ypf.R2” contains data for aqueous silica, but not for chalcedony, Therefore,
thermodynamic data for chalcedony were taken from the thermodynamic database “linl.dat” which is distributed

with the

PHREEQC package.
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(most probably calcite and / or dolomite). Reactions involving silicate minerals are likely to be
too slow to exert much of an effect over these relatively short time intervals.

In both the upper and lower aquifers, the leakage of CO, would have a marked influence of pH
in all cases. It is noteworthy that the pH variation in the shallow and deep aquifers differs most in
the cases 2_Well and 2_Fault. The reason is that the formation water salinity is the same in both
aquifers in these cases, which means that the effect of salinity on CO, solubility does not
compensate for the fact that less CO, reaches the upper aquifer. Such a compensation effect
helps to explain the similar variations in pH in the shallow and deep aquifers in the other cases;
in these the deep aquifer contains water with 250,000 mgl™ TDS whereas the shallow aquifer has
water with 35,000 mgl™ TDS.

It was beyond the scope of the work reported here to develop detailed models for the pH
variations in seawater that would be caused by any CO, discharge at the seabed, although such
specialist models could be developed using QPAC-CO,. These pH variations will depend upon
several factors, but notably upon the relative rates of seawater movement and discharge of free
CO, or COj-bearing water, and the consequent extent of mixing between seawater and
discharging fluid. Illustrative calculations were undertaken to estimate plausible variations in pH
that might arise near the seabed as a result of these processes. These calculations used the
seawater composition reported by Summerhayes and Thorpe (1996).

The variations in pH that would be caused by mixing between formation water and seawater in
various proportions are illustrated in Figure 4-23.

y

pH

0 0.2 0.4 0.6 0.8 1 1.2

Fraction Shallow Aquifer Water with Maximum CO,(aq) concentration

Figure 4-23: pH of different mixtures between seawater and discharged shallow aquifer
water with a CO, concentration 0.45 mol I, the maximum value calculated.

This figure illustrates that only small proportions of discharging water would have a significant
effect on the pH of the mixture; a mixing fraction of only 0.1 would cause a decrease in pH of c.
3 units from the seawater pH of 8.2. However, the actual pH changes that occur would depend
upon the rate of discharge of either free CO,, or CO,-bearing water, and the rate at which
seawater moves across the discharge site. Calculations were therefore carried out to scope the
effects of discharge from each kind of potential leakage pathway into a notional 1 m* volume of
seawater lying immediately above the intersection of the pathway with the seabed (Figure 4-24).
These calculations used the peak areal fluxes of free CO, and the peak areal fluxes of dissolved
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COg, as shown in Table 4-10 and Table 4-11 respectively. For each leakage pathway and peak
CO;, flux, the pH of the seawater was calculated by specifying that the seawater overlying the
discharge location was completely replaced in illustrative times of 1s, 1 minute, 1 hour and 1
day. In the cases where dissolved CO, discharged, the discharging water had the same
composition as the shallow aquifer water used to calculate the pH variations shown in Figure
4-23. The quantity of this shallow aquifer water that would discharge in each time interval was
calculated and then added to the considered volume of seawater.
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Figure 4-24: Schematic illustrations of the situations represented by the calculations to
scope the effects of CO, discharge at the sea bed from each kind of potential leakage

pathway.

The results of these illustrative calculations for the discharge of free CO, are shown in Table
4-16 while the results for the discharge of formation water with the peak dissolved CO,

concentration are shown in Table 4-17.

Table 4-16: pH corresponding to the peak free CO; flux to the seabed in each of the
calculation cases. The pH values are given for different illustrative rates of seawater
displacement (1 m® volume of seawater is replaced in 1s, 1 min, 1 hour and 1 day).

pH corresponding to peak free CO2 flux

Case Initial 1s 1 min 1 hour 1 day
1 Well 8.2 8.20 8.20 8.12 7.06
2 Well 8.2 7.06 7.06 7.04 6.72
3 Well 8.2 7.06 7.05 6.99 6.36
1 Fault 8.2 7.06 7.06 7.02 6.55
2_Fault 8.2 7.06 7.06 7.00 6.40
3 Fault 8.2 7.06 7.05 6.89 5.97
1_Cap 8.2 7.06 7.05 6.98 6.29
2 Cap 8.2 7.06 7.06 7.01 6.46
3 Cap 8.2 7.06 7.05 6.81 5,77
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Table 4-17: pH corresponding to the peak dissolved CO, flux to the seabed in each of the
calculation cases. The pH values are given for different illustrative rates of seawater
displacement (1 m3 volume of seawater is replaced in 1s, 1 min, 1 hour and 1 day).

pH corresponding to peak dissolved CO2 flux

Case Initial 1s 1 min 1 hour 1 day
1_Well 8.2 8.20 8.20 8.20 8.20
2_Well 8.2 8.20 8.20 8.20 8.20
3_Well 8.2 8.20 8.20 7.90 6.47
1_Fault 8.2 8.20 8.20 8.20 8.19
2_Fault 8.2 8.20 8.20 8.20 8.15
3_Fault 8.2 8.20 8.20 8.20 8.11
1 Cap 8.2 8.20 8.20 8.20 8.11
2_Cap 8.2 8.20 8.20 8.20 8.17
3_Cap 8.2 8.20 8.20 8.19 8.01

These calculations show that leakage of dissolved CO, will produce only a very small variation
in pH near the seabed. This variation will be <1% of the seawater value when seawater turnover
times are 1 day or less, except for Case 3_well when the turnover rate is 1 day. This latter case is
expected to have the greatest effect on pH since it has the highest reservoir pressure driving flow
(sub-lithostatic) and the smallest area of discharge.

In contrast, discharge of free CO, could plausibly produce a much larger effect on seawater pH
than discharge of water containing dissolved CO,. For all the times considered, in all cases
except Case 1_Well, the pH variation caused by leakage would be > 1 pH unit. In Case 1_Well,
such a large change would occur if the seawater was replaced in a day or greater; for shorter
times of turnover, there would be an effect < 0.2 pH units. This result is to be expected, since
Case 1_Well had the smallest driving force for flow, the reservoir being under-pressured initially
and hydrostatically pressured at the end of injection.

4.3.5.2 DIFFUSION THROUGH THE CAPROCK

The likely impact of diffusion of CO, through the caprock in water can be bounded by some
simple calculations of:

e maximum expected flux rates of dissolved CO, in water;
e representative timescales for “breakthrough” of dissolved CO, in water.
A diffusive flux can be calculated using:

Ac D

a d r ¢

If it is conservatively assumed that the caprock thickness (d) is 100m, its porosity (¢) is 10% and
the effective tortuosity () is 3, then given a maximum feasible dissolved CO, concentration of
2 mol I"! (ac), and a diffusivity (D) of CO, in water of 1.6e-9 m®s™ the peak flux rate (q) would
be 1.067E-09 mol m-*> s, or 1.48E-6 tonnes m? y'. Hence over a square kilometre (for
example) it would be possible to lose approximately 1.5 tonnes per year. Clearly this quantity is
very small relative to the volume of CO, that would be stored in a typical reservoir (probably
several hundred million tonnes).
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The mean distance of diffusion, x, is typically described as being proportional to /Dt , where

, o : D ,
tis the time in seconds and p_, is equal to —. Therefore, assuming that:
T

X
Deff

t=

using the same parameters as used for the flux calculation, the mean travel time across the cap
rock is the order of 1.875E+13 s, or approximately 600,000 years.

4.3.6 Discussion of leakage modelling

The work reported here aimed to scope the likely magnitudes of CO, leakage in a small number
of hypothetical extreme leakage scenarios for a number of different kinds of CO, storage sites.
A related purpose was to explore the couplings between the key processes that influence such
migration and hence relationships between the parameters that potentially might be monitored.
The aim is that the resulting understanding of these couplings can be used to help determine the
circumstances under which different kinds of monitoring strategy would be appropriate. The
purpose of the work was not to produce detailed predictive numerical models, nor to explore
combinations of different leakage paths that might occur at any particular site.

Commensurate with these goals of the work, the “systems modelling” approach aimed to focus
only on the important effects influencing the migration of free CO, and CO,-charged water.
Significant non-isothermal effects are not anticipated other than very close to the injection well
and it was assumed that the injection would be done in such a way as to avoid, for example, local
freezing. Thus, non-isothermal effects were excluded from the model for this scoping project.
Temperature effects on fluid behaviour were accounted for with an imposed temperature.

To meet the stated goals it was also important for each modelled system to be represented at a
similar level of complexity throughout, focussing on key processes that affect the bulk-scale
behaviour and avoiding the need for detailed site-specific information. This approach enables the
results from different cases to be compared readily.

Similarly, consistent with the objectives of the work, only Darcy flows were investigated. This
approach is appropriate for determining the large-scale disposition of CO,. However, it is
recognised that at an actual storage site, non-Darcy flow might be important. It would be
appropriate to explore the implications of such flow processes using more detailed models, but
these were outside the scope of the work.

Leakage along any kind of pathway (wells in particular) can lead to many different outcomes
depending on the extent to which complexities are introduced. Additionally, leakage may occur
through a combination of different pathways. For example a partially sealed well may connect
the reservoir to a shallower aquifer, which in turn is connected to the surface by a relatively
permeable fault pathway. However, the precise combinations of complex phenomena and
leakage pathways will be site-specific and hence not amenable to generic numerical analysis.
Therefore the approach taken in the overall project is to deduce the implications of this
complexity for monitoring based upon both the simplified systems model calculations and a
review of actual site data. That is, the scoping calculations reported here are only one part of the
project.

The well was represented as a series of compartments having circular cross-sections with the
diameter of a typical well. The transport properties of the compartments can be set independently
of those of the surrounding rock allowing the well to have, for example, lower or higher
permeability than the surrounding rock. When developing the scenarios, consideration was given
to allowing the well’s properties to vary over time. However, it was agreed that temporal
variations in properties are likely to be small over the timescales considered and therefore the
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decision was taken not to include these variations in the model (though the code would allow
such variations to be simulated). Different sections of the well could have been assigned
different properties, allowing partial failure to be simulated. For example, the lower part of the
well could be more permeable than the upper part, allowing CO,, to rise from the reservoir to the
upper aquifer through the well, whereupon CO, would migrate through the aquifer. However,
this level of detailed analysis was not considered necessary to meet the objectives of this
particular task.

The objective of including the shallow aquifer was to investigate how any non-well leakage
might disperse within this formation and what the lag time might be for CO; to reach seawater.
In the scoping calculations there was a relatively thin layer (few 100’s of m) thick layer through
which CO, transport could occur only by diffusion. The existence of this low-permeability unit
enabled CO, to disperse laterally within the shallower aquifer; in the absence of this unit, the
CO; would tend to rise directly to the seabed.

Simulations of differing and variable injection rates and near-wellbore pressures could
potentially provide insights into far-field pressure effects which may affect leakage. However,
while variable injection rates could be modelled, the injection rates were kept constant during
each simulation to aid comparison between models.

The well leakage scenario considered only leakage through a different well to the injector well. It
was assumed that an injector well would be drilled and sealed with high levels of quality control.
Therefore, the main risk of leakage was considered to be via older abandoned wells or orphaned
wells. These wells may have been sealed in the past under less well-controlled or even unknown
conditions. Nevertheless, some insights can be gained by comparing the 50-year simulations
with the small number of 10-year simulations. The latter demonstrate that leakage rates through a
given type of pathway will be relatively low when there is no driving force for CO, migration
from active injection. Leakage through the injection well is expected to be similar to this
situation; by definition there will be no driving force for leakage from injection itself.

The models were arranged in such a way that the phase transition between supercritical CO, and
gaseous CO, occurred between the upper and lower aquifers. An important finding was that this
transition influences the rate at which any breakthrough to the seabed will occur. The rate of
CO, migration through a leakage path will tend to increase when the CO, reaches the depth of
this transition.

4.3.7 Conclusions from leakage modelling and offline calculations

The work has estimated limits and ranges of parameters that could be monitored at future CO,
storage sites, using simplified systems level models of generic CO, storage areas. These generic
site descriptions were specified to represent the main kinds of offshore storage systems in the
UK’s continental shelf that could be used. The estimated parameter values are plausible for the
hypothetical “worst-case” leakage scenarios examined at each kind of site and are not predictive.
Predictive models would require more detailed simulations using actual site information; the
behaviour of an actual site will depend upon the specific characteristics of CO, storage there.
Instead, parameter values calculated for the generic CO; storage systems can be used to deduce
those circumstances in which it is unlikely to be useful to monitor a particular parameter. That is,
if the parameter is unlikely to vary detectably in the “worst-case” leakage scenarios considered,
then it would not give a detectable response should less extreme leakage occur. Conversely,
those parameters that do vary in a way that could be detectable in these extreme circumstances
would have a higher priority for monitoring. However the results presented here do not prove
that the parameter would definitely vary detectably in these less extreme cases; additional
modelling of these cases would be needed to shed light on this.

The work has also helped to develop an understanding of the processes that influence relevant
parameters. This information can be used to help deduce likely variations of the considered
parameters at actual storage sites and for scenarios different to those considered here. The
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understanding is also an input to subsequent project tasks, and can aid the identification of
priorities for further work.

It was beyond the scope of the work reported here to evaluate the overall significance of the
results for monitoring strategies. However, the following observations are made:

e Initial reservoir pressure conditions influence:
0 where monitoring is appropriate; and
0 when monitoring is appropriate.

e In cases where the reservoir is initially under-pressured, monitoring of pressure variations
in the reservoir prior to CO; injection could potentially indicate the existence of any
potential leakage paths that occur.

e Intermediate unbounded aquifers, in the overburden between the CO, storage reservoir
and the seabed are more likely to provide additional accessible storage capacity where
leakage occurs via a well than when leakage occurs via a fault or overburden of enhanced
permeability. Therefore, it would be more appropriate to monitor such aquifers in order
to demonstrate that a well is not leaking than to demonstrate that any fault leakage paths
or enhanced permeability overburden leakage paths do not occur.

e While breakthrough times to the leakage pathway can be relatively short, breakthroughs
to the seabed and aquifers can be significantly longer than the injection duration, in
under-pressured or hydrostatic cases often being tens or hundreds of years after injection
has finished. It is also the case that for many of the simulations (running out to 450 years
after the cessation of injection), the peak fluxes to the seabed and/or the aquifers have not
had sufficient time to develop.

e Volumes of CO, that are discharged to the seabed are much more likely to be significant
compared to the total stored volumes of CO, when leakage occurs via a fault or
enhanced-permeability overburden than when leakage occurs via a borehole. However,
the time for a borehole to respond to leakage (i.e. create a pathway for significant gas
migration) is typically much shorter.

e pH changes seawater above a leakage pathway will be extremely small if only CO,-
charged water discharges, but much more significant (1 pH unit or more) if free CO,
discharges.

e Transport of CO, through a typical caprock by diffusion will be extremely slow and
negligible. A loss of caprock integrity would need to occur in order to achieve
significant leakage. Monitoring of chemical changes in the caprock is unnecessary.

e The location of any potential pathways relative to the margin of the injected CO, plume
at the termination of injection is a control on leakage rates. If the pathway is reached by
the CO, while injection is still on-going, then leakage will be more significant than if the
CO;, arrives at the pathway only after injection has ceased.

e If a CO,-saturated link cannot be maintained between a discrete leakage pathway and the
main bubble of CO,, then significant leakage cannot occur.
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44 LITERATURE REVIEW

This section summarises the currently available information on leakage parameters (flux,
concentration, distribution, duration, etc) from observations and simulations.

Approximately 125 scientific papers were reviewed and divided into the following categories:
e Natural CO;, releases (Table 4-18)
e CO; injection sites (Table 4-19)
e CO,-EOR sites (Table 4-20)
e Experimental sites (Table 4-21)
e Numerical models (Table 4-22)

A representative selection of the results is displayed in Table 4-18 to Table 4-22. A full
tabulation is available as an Excel spreadsheet. CO, fluxes have been calculated from a variety
of methods, including direct field measurements using accumulation chambers equipped with
infrared gas analysers, laboratory gas chromatography (GC-MS) or computed from SO, flux
data using CO,/S ratios. A similar range of techniques has been used to measure concentrations
of CO.,.

Authors present data in a wide range of units, e.g. moles, grams, kilograms, tonnes, with or
without defining area, and with different units of time (days, years etc). Alternatively, results
may be expressed as the total amount of leakage or as a percentage of the total of injected CO,.
These values have, as far as possible, been standardised in tonnes, square metres and years, with
the data also being given in the original units. The following conversion factors were used:

1 tonne CO, = 556.2m?* (at 25°C, 1 atm)
1 mole CO, =44g
1000 litres CO, =1 m®

4.4.1.1 NATURAL CO, RELEASE

Deep sourced CO; is naturally emitted at the surface, mainly from volcanic (e.g. Figure 4-25) or
hydrothermal areas, or where a natural CO, reservoir has a conduit to surface (e.g. Crystal
Geyser, Utah, where the present conduit is an old oil exploration well). These locations provide
study sites to investigate potential CO, pathways, fluxes and environmental impacts, which can
provide insights into what might happen in the unlikely event of CO, leakage from a storage
complex. However, a limitation is that actual storage projects would not be sited in such
geologically unsuitable areas. Also, in many of these cases, CO, has been emitted for long time
periods and equilibrium conditions might have been reached that may not reflect processes and
effects at the onset of leakage. Notwithstanding these provisos, natural leakage can provide
useful insights into patterns and rates of surface leakage.
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Figure 4-25: Spatial distribution of the diffuse CO, flux around the Pululahua volcano,
Ecuador, from the average of 100 Gaussian simulations (from Padron et al, 2008, image
reproduced with permission of Elsevier)

Variations in deep CO; flux from natural analogues were previously thought to be solely due to
changes in volcanic activity (e.g. Giammanco et al, 1998). However, more recent studies suggest
that they can also be strongly influenced by changes in meteorological conditions (e.g. in the
Azores, Viveiros et al, 2008) and/or changes in the shallow hydrologic system (e.g. in Long
Valley Caldera, California, Bergfeld et al, 2006). At Mammoth Mountain, California, deep CO,
flux has actually been relatively constant since 1997, after being initiated by earthquakes
associated with shallow magma intrusion in 1990 (Rogie et al, 2001). These studies show that
emission rates measured depend very much on environmental conditions leading up to and
during data collection. Note that CO, emitted from deep sources (e.g. magmatic degassing or
decomposition of limestones) can be distinguished from biogenic sources of CO, using isotope
analysis (Chiodini et al, 2008). In this example soil gas CO, from a hydrothermal source had a
mean 8"°C of -2.3 %o whereas that from a biogenic source had a mean of -19.4 %o.. However, it
may not always be possible to use isotopes to identify injected CO, as some sources (e.g. from
fossil fuels such as coal) may have signatures that overlap with biogenic CO,. At Weyburn the C
isotopic signature of the injected CO,, after mixing with gas in the reservoir, would be very
difficult to separate from that of biogenic CO,. Emission distribution is controlled by many
factors including permeability, the fracture network, hydrogeology, soil properties and the mode
of degassing.

Concentrations of CO; in soil gas from volcanic or hydrothermal areas range from background
values (generally low percentage levels) up to 100%. Other gases may accompany the CO,, such
as radon (Rn) and hydrogen sulphide (H,S). Flux rates typically range from a few g/m*/day (<
0.001 t/m?/year) to a few kg/m?/day ¢ 1 t/m?/year). Studies at such sites indicate that areas of
CO, escape can range from small gas vent features a few metres or tens of metres across to
larger areas of more diffuse outgassing with dimensions of hundreds of metres (e.g.
Annunziatellis et al, 2008; Jones et al, 2009). The latter cases present a much greater challenge in
detecting and quantifying the leakage, as they potentially overlap the range of natural
background biogenic flux, that can exceed 10 t/m*/year, although values are typically an order
of magnitude lower in late autumn or winter (Jones et al, 2006), making those the best times of
year for onshore measurements

Total fluxes for all volcanic areas when aggregated can reach 600 million tonnes/year (Morner
and Etiope, 2002), whilst world mid-ocean ridge emissions are estimated at 0.5-2x10%
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moles/year, (22-88 million tonnes/year) (Resing et al, 2004).. For comparison, an offshore vent
off Ischia Island, ltaly emits an estimated 1.4 x 10° litres/day (Hall-Spencer et al, 2008),
equivalent to 22,000 tonnes/year over an area of 3,000 m® i.e. an average flux rate of 7.3
t/m?/year. A second vent emits at half the rate over an area of 2,000 m? i.e. an average flux rate
of 5.5 t/m°/year

4.4.1.2 CO;, INJECTION SITES

CO;, is being injected into a range of underground storage sites at a number of locations, both as
pilot tests and commercial projects. These sites are designed and chosen to avoid leakage
occurring and long term behaviour of the CO, has been modelled. To date, monitoring
programmes in place have not detected leakage at the majority of these sites in these relatively
early stages. For example no leakage has been detected at Frio or Nagaoka (Michael et al, 2010),
In Salah or Sleipner (Hermanrud et al, 2009). An exception is at West Pearl Queen, New Mexico
where a potential leak of 0.0085% per year of the injected CO, (total 2090t) was detected using
perfluorocarbon tracers around the injection well (Figure 4-26; Wells et al, 2007). This extended
up to 300 m from the well. An investigation into the suitability of Teapot Dome hydrocarbon
field in Wyoming as a potential CO, storage site, detected small quantities of CO, seeping to the
surface (max flux 733 mg/m?/day, equivalent to 0.27t/m?/year). These were interpreted to be the
result of microbial oxidation of methane as the CO, was isotopically enriched and gave **C dates
close to 38,000 years within 5 m of the surface (Klusman, 2006) suggesting that low levels of
hydrocarbon escape from the reservoir may be taking place.
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Figure 4-26: Spatial distribution of average tracer concentration observed at the West
Pearl Queen CO2 injection site, New Mexico. (The dark-coloured features are roads and
well pads) (from Wells et al., 2007, image reproduced with permission of Elsevier).

4.4.1.3 CO,-EOR sITES

CO;, has been injected for Enhanced Oil Recovery (EOR) since the 1970s. During this process
some CO; also gets stored underground. Many of these CO,-EOR sites now have monitoring
programmes to assess migration and check for any leakage. In general these have detected no
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leakage, e.g. Weyburn-Midale (Jones et al, 2006; White and Johnson, 2009) and Pembina
Cardium (Shevalier et al, 2009). At Rangeley, where CO, has been injected since 1986, initial
estimates of leakage of 3800t/yr (Klusman, 2003a) were revised to <170 t/yr after computations
indicated that much of the CO, detected was due to the microbial oxidation of methane, rather
than leakage of injected CO, (Klusman, 2003b) and it is possible that in fact no deep origin CO,
is escaping at all. Flux rates at Rangeley are very low (0.2-3.8 g/m?/day mean winter-summer
values, equivalent to 7 x 10 and 1.4 x 10" t/m?/year) and the microseepage was inferred from
detailed sampling and isotopic analysis to depths of up to 10 m. There was no discernible
difference in flux rates at the site compared with a control area. It is highly unlikely that an
operator would be required to carry out such detailed investigations for an offshore storage site
and therefore microseepage on this scale (with uncertainty as to whether it is occurring or not)
would probably go undetected offshore.

As part of the risk assessments for these EOR-CO, storage sites, simulations have been carried
out to estimate possible leakage over longer timescales. For example at Weyburn a mean leakage
rate of 4x10™*kg/day (1.46x10 t/year) from several hundred abandoned wells over 5000 years
was predicted (Zhou et al, 2005, quoted in Stenhouse et al, 2009) i.e. only about 0.001 % of the
total CO, proposed to be stored.

Available data on leakage incidents from EOR and natural gas sites can be used as an aid to
estimating risk of leakage from CO, sequestration sites, (Duncan et al, 2009) although the
blowouts described are related to CO, extraction for production rather than injection of the gas
into new wells for storage. Most incidents of accidental leakage from underground CO, were
due to wellhead component failure rather than leakage through wellbore walls or through the
rocks themselves. A study by Bachu and Watson (2009) into wellbore failures of Canadian EOR
and acid gas injection wells indicated that wells built specifically for CO, injection had
significantly fewer failures than those drilled for other purposes that were subsequently
converted into CO; injection wells. Well failure is monitored by regulation and can be detected
and repaired (Bachu and Watson, 2009). In terms of well bore integrity, investigations at an EOR
well in Texas that has been exposed to CO, for 35 years found that the wellbore system
continued to act as a barrier to significant CO, flow (Carey et al, 2007), despite minor
carbonation of well cement along the lowermost parts of the steel casing-cement and cement-
rock interfaces. The cement in the well was standard Portland cement, not a specific formulation
designed to withstand contact with CO, At a CO, production well, with Portland cement/fly ash
cement plugs, where CO, had been produced for 21 years, the well still showed good integrity
(Crow et al, 2010).

4.4.1.4 EXPERIMENTAL SITES

Experiments have been set up to deliberately inject CO, into the shallow subsurface in order to
monitor leakage fluxes and to study ecosystem impacts, because there is limited data on leakage
from real CO; storage sites. For example the ZERT (Zero Emission Research and Technology
Centre) site in Montana and the ASGARD (Artificial Soil Gassing and Response Detection) site
in the UK. Further sites are proposed for new projects, such as the CO, field lab project in
Norway (led by Sintef), which plans to use an onshore coastal site, and under the RISCS
(Research into Impacts and Safety in CO, Storage) project (led by BGS) where both onshore and
offshore experiments are planned.

The ZERT site is set up with a 98m cased horizontal well about 2m deep which has 70m of
slotted casing to allow CO to exit from 6 zones. There is also a 3.2m deep vertical well on the
site. CO, was injected into the horizontal well at rates appropriate to examining potential diffuse
leakage and sudden leakage from a point source such as a fault. This included a 0.1 tonne/day
release (equivalent to 36.5 t/year) over 10 days and a 0.3 tonne/day release (equivalent to 110
t/year) over 7 days. During the 0.1 tonne/day release, CO, was detected 2.5m from the injection
site after 1 day using stable isotope analysis of gas collected from accumulation chambers. After
8 days of injection, the amount detected at the surface using accumulation chambers (Figure
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4-27) was very similar to that which had been injected. (Spangler et al, 2009). Maximum fluxes
detected were 1600g/m?/day (0.58t/m%/year) for the lower injection rate and ~6000g/m?/day
(2.2t/m?/year) for the higher injection rate. These values were an order of magnitude greater than
background for the lower injection rate with measurements around the maxima showing a
gradation down to background levels. These experiments also suggest that CO, releases become
concentrated into ‘hot spots’ which incidentally may aid detection of low level releases (Strazisar
et al, 2009) if those hot spots can be identified.
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Figure 4-27: Map of CO,, soil-gas fluxes taken over the part of the ZERT experimental
CO; injection test site in Montana. (Strazisar et al, 2009, image reproduced with
permission of Elsevier).

At the ASGARD site, CO, can be introduced by diffuse injection from pipes at a depth of 0.6m
into up to 30 x 6.25m? plots. In one experiment CO, was injected at a rate of 3 litre/minute
(2.8t/yr) for 19 weeks. Leakage rates measured were approximately one third of the injection rate
at 1.02 litres/minute (0.96t/year) because a significant portion of the CO, migrated laterally
outside of the plot boundaries (West et al, 2009). Flux rates for a later experiment with a flow
rate of 1 litre/minute (0.9 t/yr) ranged from background values of around 20 g/m?/day (7.3 x 10°
® t/m?/yr) to 2000 g/m?/day (0.73 t/m?/yr).

The measured fluxes and observations from these experimental controlled release sites add to our
understanding of and ability to detect potential leakage from underground CO; storage.

4.4.1.5 NUMERICAL MODELS

Numerical models of various kinds have been developed to model CO, migration and leakage
from storage sites. Models fall broadly into two categories: those that simulate the fate of CO,
migrating from a reservoir at depth and those that simulate CO, leaking from the surface
(‘emissions’). There is limited data on leakage from real CO, storage sites due to the careful site
selection and the limited time since storage has been initiated. However, where possible, leakage
fluxes and scenario parameters have been based on the small amount of published data. For
example, Blackford et al (2008) modelled 3 different leakage scenarios, as follows:
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e Long term diffuse seepage (e.g. through a permeable formation) using the Rangely CO,-
EOR initial estimated surface flux rate of 3800t/yr.

e Long term leaks (e.g. well head failure) equivalent to 5 and 50 times the Sleipner
injection input rate released over 1 year.

e Short term leak (e.g. pipeline fracture) equivalent to 5 and 50 times the typical pipeline
capacity over 1 day.

Specific scenarios have also been modelled, e.g. leakage up a fault (Chang et al, 2009), leakage
through wellbore failure (Figure 4-28; Pawar et al, 2009), leakage through permeable pathways
in the caprock (Grimstad et al, 2009), the mobilisation of metals from groundwater as a result of
CO, leakage (Zheng et al, 2009) and the dispersion of leaking CO, in the atmosphere (Chow et
al, 2009). Results of release fluxes (emission rates), durations and distributions vary widely
according to input parameters.
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Figure 4-28: Cross-sectional views showing the CO;, plume from two leaking wells after 100
years of injection using data from an abandoned well leaking natural gas in Alberta,
Canada (from Pawar et al, 2009, image reproduced with permission of Elsevier).

The models which investigate the fate of CO, emissions from the surface include those by
Blackford et al (2008) and Kano et al. (2010). They describe the effects of the investigated fluxes
from the sea bed in terms of pH perturbations and CO, concentration levels respectively. Effects
range from those indistinguishable from background, for the ‘reasonable case scenario’ leaks to
those for the ‘extreme worst case scenarios’ which created up to -1 pH unit perturbations
persisting for up to 20 days (Blackford et al, 2008) and concentrations greater than 1000ppm
(Kano et al., 2010). The models simulating CO, release from the reservoir at depth include those
investigated by Pawar et al. (2009) and Chang et al (2009). Pawar et al.’s model investigating
possible movement up abandoned wellbores found that the CO, migration occurred up the wells
which had unknown (assumed high permeability) cement quality, depending on their proximity
to the injection point. In one example, up to 0.25% of the total injected CO, migrated into the
overlying aquifer where it extended about 400m from the well (Figure 4-28). Chang et al (2009)
investigated migration up a fault with varying permeability and number and position of lateral
leakoff pathways. For a scenario with 2 lateral leakoff pathways, only 15% of the CO, reached
the top of the fault, equating to a flux of 0.07kg/m%/s (2200t/m®/yr). This model showed that
larger scale migration from the reservoir did not necessarily create a larger surface emission,
depending strongly on the attenuation of the leak by fault permeability and lateral migration
pathways.
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The current models described here highlight potential leakage pathways and possible emission
fluxes should CO,, storage sites leak. These models and simulations are an important part of the

risk assessment process to assess the fate of injected CO,. The parameter inputs and models
themselves will be refined as more data is collected as CO, storage site development progresses.

Table 4-18: Selected natural CO» release

Natural CO:2 flux rate Flu?< rate Study CO2 flux CO2 Measurement
CO2 source equivalent S . Reference
analogue (g/m2/day) . 7 area distribution | concentration tool
in t/m2lyr
Furnas and Diffuse Accumulation
Fogo Mean: 8-600 0.0029-0.22 4 volcanic | Up t0 96.6% in chamber;
volcanoes, Diffuse (ran' e 0- (mean) automatic emissions soil. Up to infrared CO2 | Viveiros et al,
Sao Miguel volcanic ge. (range: 0- : near 22.8%in detector at 4 2008
4605.4) stations . .
Island, 1.7) fumarole dwelling automatic
Azores fields stations
Close to vent Close to vent | Open path laser
centres: 500- | 0.18-0.44 centres: ~ system (quad
1200 100% bike-mounted);
Degassing Diffuse flux: 2 Diffuse flux: portable
Laacher See | from magma oy ©10.0084-0.020 | _;000 | COMSPicuous 9.1% . pumped Jones et al,
caldera, chamber in gas vents, infrared
; m? i 2009
Germany East Eiffel some areas analyser;
volcanic field . of diffuse flux | accumulation
Background: 0.011 Backgroound. chamber with
~<30 ~4% infrared CO2
analyser
Horizontal Open path laser
Mainly profile (site 5) | 0.048 (mean)| 550m 4 17.8% mean | system; eddy
. . i ; vents S
metamorphic | mean: 131.1 (range: horizontal (location (range 0.42- | covariance; soil
Latera alteration of | (range: 3.25- | 0.0012-1.3) | profile on 85.92%) gas (60-80 cm "
; controlled by i Annunziatellis
caldera, limestone at 3569.73) caldera ermeable depth); etal 2008
Italy depth related plain (AC: P accumulation '
to magma 202 pa_thways chamber and
; ) Background: <0.0080 within faults) | Background: ;
intrusion <22 : samples) <2.5% infrared CO2
detector
~120000
HorIZiZboe Mean: 1346 | 0.49 (mean) n;iaﬁoic covi?gﬁce
Mammoth Diffuse N : . .| Diffuse from . station; Lewicki et al,
. . (range: 218- (range: 170 AC : Not available .
Mountain, volcanic 3500) 0080-13) | samples tree-kill area accumulation 2008
California, : : (2$m ' chamber with
USA X flux meter
spacing)
Accumulation
Diffuse . ~31,000- chambers with
. 4 plant-kill , .
) magmatic 50,000m2. Diffuse . infrared gas
Ukinrek degassin Zone mean (231 emissions, 4 Spring gas sensor; soil gas | Evans etal
Maars, 9asSING 1 fiux: 689-1190 | 0.25-0.43 | bubbles: 97.6% » SO g2 '
(related to . randomly | zones of ) (70cm depth); 2009
Alaska, USA . (estimated total : Soil gas 91.5%
Ukinrek Maars 21-441/day) chosen plant-kill water and gas
basalt) y sites) samples from
springs
Diffuse mean
peak flux: 84.3
(range: non  {0.031 (mean) Soil gas
detectable to | (range: non- 17 SW-NW accumulation
141.7) Total |ROCIECIENIES samples | trend along chambers with
Pululahua , CO2 emission: | - 0.052) PeS | east of inner portable non .
Diffuse 270t/day, or over . . . Padron et al,
caldera, volcanic & 27 6km?2 caldera Not available dispersive 2008
Ecuador 9.8/km/day (iOOm indicates infrared CO>
Background: spacing) structural analyser (NDIR)
8.4 (accounts pacing control and portable
for>90%of |  0.0031 flux meter.
diffuse
emission)
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Table 4-19: selected CO;, injection sites

Last modified: 30/11/2010

CO:2

Flux rate

iniection Amount | CO2 Leakage rate and equivalent Study area Time since | Measurement Reference
& injected distribution 4 7 y injection tool
site in t/m2/yr
Sleipner, N 4D seismic and | Hermanrud
North Sea >10Mt None detected to date 0 1 injection well 13 years gravity et al, 2009
R Various
In Salah 8 |n]ect|pn we!ls, . geomechanical | Rutqvist et
Al eria’ >3Mt None detected to date 0 shallow microseismic 5 years and aeoohvsical | al. In press
g monitoring test wells geopny NP
techniques
Naaaoka P-wave velocities | Sato et al,
Jg an " | 10400t None detected to date 0 3 observation wells 6 years and geophysical | 2009; Xue et
P logs al, 2009
1 injection, 2 Various Schilling et
GKetzm, 20kt of None detected to date 0 observation wells (50- 1year geochemwgl and E.il’ 2009;
ermany 60kt 100m apart) geophysical Giese et al,
techniques 2009
1 observation well +
injection well, 4 Various Muller et al,
None detected to date 0 shallow monitoring 5 years geophy3|c.a| & 2007,
groundwater wells. geochemical Kharaka et
100 geochemical techniques al, 2009
i Ry samples
TFrlo BrllJnseA 1600t
exas, 0 leakage predicted. CO.
migrated > 300m within TOUGH2
target reservoir. 0-5% of _ 5 simulator, history | Ghomian et
CO: free and mobile gas L 2.7km 10 years matched to al, 2008
far from reaching the to observations
( g p
of the formation).
~0.0085% of the total CO2
injected leaks per year. (i.e.
West Pearl 0.17765t/yr) Directional to
Queen pilot 300m and diffusive to 100m Sampling in 6
3 perfluorocarbon
CO:2 storage 2090t from the injection well. Not available concentric circles to 7 vears trzfcers in soil gas Wells et al,
site, New Lineaments in caliche 600m diameter y and atmos hegre 2007
Mexico, coincide roughly with NW around injection well P
USA and SW leakage trends.
(none detected from other
nearby wells)
Max flux detected:
733mg/im?/day (92.8%
derived from
methanotrophic oxidation of 0.27 3 anomalous 10m .
microseeping hydrocarbons ‘ boreholes Var|0_us .
Teapot (the remainder is derived rger)r?oazy::;gi rf‘ ;'{;ﬂgrg::n
Dome, from oxidation of organic : g mp,
Wyomin >2.6Mt matter)) 3years baseline surveys, 2006;
yUSA g soil gas and Klusman,
40 surface samples reservoir 2006
Background: across 40.5km2, 5 x simulations etc.
227.1mg/m?/day 0.083 10m boreholes.
(dominated by biological : (>2200 wells exist,
sources) 1200 may be
accessed).

136




CR/10/030; Final 1.0

Table 4-20: Selected CO,-EOR sites

Last modified: 30/11/2010

Time
COZ. EOR CO:2 leakage rate CO. Igakage Study area _ since CO2 . Measurement Reference
site rate in t/yr injection | concentration tool
(years)
2 injection wells, 6 Geochemical
. None detected to date (3 producing wells, 2
Pembina e L and .
. of 169 wells identified as | No surface deep monitoring . Shevalier et
Cardium, S . L 6 N/A geophysical
high risk for potential monitoring well, shallow 7 al, 2009
Canada monitoring
leakage) groundwater roaramme
monitoring wells prog
Geochemical
1Ekm2 B and White and
None detected to date 15va€|’|§0 60 9 N/A geophysical Johnson,
monitoring 2009
programme
Zero by natural pathways,
Mean: 4x10-*kg/day from
several 100 abandoned Numerical Zhglégé al
Weyburn, | \yells (95% of simulations | 1.46x104 (per | Several hundred 5000 N/A model voted In
Canada | yielded <1.6x10° kg/day). well) wells imulai Sq .
<0.0019% cumulaive of simulaton | Stenhouse
CO2 in place by end of '
EOR.
Chalaturnyk
Zero by natural pathways, Estimation etal, 2004
estimated 6 t/yr from 6 ~1000 wells 5000 N/A from simulation quoted in
abandoned wells. Holloway,
2007.
<3800 t/yr (10.4 t/day)
Rangeley, | subsequently revised to Klusman
Colorado, | <170 t/yr, which may all | 0, 170, 3800 78km? 17 N/A 2003a:c
USA be due to methanotrophic '
oxidation.
Evidence for CO2
migration adjacent to the
caprock (carbonated Core sample
West Portland cement). analysis and
Core sample of i
Texas However, the wellbore : : numerical Carey et al,
: Not available | casing, cement and 35 N/A : )
EOR well, system continued to canrock simulations 2007
USA provide an effective p using
barrier to significant fluid FLOTRAN
flow after 30 years of
CO2 exposure.
Range: ~ <IMMcf-
Various | 10MMcfiday (7 short-lived 4750ppm 60m Compan
EOR, accidental releases from | 50-500 (max: 1 well Not from release, en inF(JaerZ' Duncan et
USA, wellhead). Max: 40MMcf 2000) available dissipated es?imates al, 2009
Canada | of CO2 (~10MMcf /day within 30 mins)
over 4 days)
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Table 4-21: Selected experimental controlled CO, release sites

Last modified: 30/11/2010

Flux

Time
) __— rate :
Experime | Injection CO: flux rate |equivale | Distribution Study since CO2 | Measurement Reference
ntal site rate ntin area CO2 concentration tool
iy release
6 elevated
Close to flux hot spots Near surface
injection rate along well detection
10 days at | after 8 days of path. Lateral techniaues
0.1 t/day injection. spread Soil gas inclu d(i]n ;
(Release 1) (using 058 ~<om. ~0.12 km? backgr%und' accumula?ibn
and for 7 accumulation | (release | Detected 2.5 9é meter' Detection | 4000 ppm'. chamber Spangler
days at 0.3 chamber 1 max); | maway after lon after 1- routinel ' edd " |etal, 2009;
ZERT day methods). 2:2 Ldayin horizo%tal 10days 30,000 ym covaria>r/10e Lewicki et
(Zero (Release 2) | Releasel max | (release | accumulation I at y durirl\ 0 gf/ da Soil aas " | al,2009;
Emission | through | soil flux: ~1600 | 2max) | chambers w~e2 a gl -vody q gas, b
Research | horizontal g/m?/day; and 7m after de rt?1 release perntifégg?r 0
and pipe Release 2 max 10 days in 3 gm' stable '
Technolo soil ;Iu>2</:d~6000 plants tgtljsing ve'rtical isotopes etc
gy g/m2/day. stable
Centre), isotopes) W?"' 5
Montana, pairs of
USA Return to shallow
background water
723ml/min within 5m | monitoring 62volpatim | o i
10 days at (~0.68tlyr) from wells 5tracer | above injection | ' ocer o SO!
800ml/min | (Detected flux 11 injection. surveys, point; accugr]r?jl’ation Strazisar
(~0.76t/yr) | rate within 10% (mlax) (detected up after 1,2, | 14.7%vol% at chambers. 2D | et al. 2009
through of injected to 3.5m away 3,4&7 | 1mdepth, Im resistiviiy '
vertical well | rate). Max flux using days to SE of files
~3000g/m2/day chambers, injection pro
5m using
tracers)
Flux including
ASGARD background Rpughly Rpughly
e CO2 was 1.02 circular circular
(Artificial Ui .| 6.25m?x . .
Soil 3min~ 2.8 min concentratio 30 plots, concentration Accumulanon
Gassing tonnesiyr (~0.96t/yr), n profile. Diffuse profile. H|gher chambers, .son West et al
and over 19 approx 1/3of | ~0.15 - Some injection at 19 weeks | concentrations | gas, b(_)tamc_al 2009 '
Response weeks injection rate |njgcted Cco2 0.6m toWand S at | and microbial
Detection) (some |nJected migrated out dépth 70cm depth. surveys
UK CO2 migrated of plot Max: 87% at
' out of plot boundary 65-70cm depth
boundary).
Emission
i)
Flat concentration
CO2 emitted billboard monitors, 5
at surface for Shortterm | obstacles Meteorologica
Kit Fox 2-5 min Concentration variation in simulate | towers (wind
field periods measured. wind speed | 1/10 scale Variations up speed and
experime | ("continuous | Compared to Not | caused CO2 | industrial ~10 mins | to 30,000 ppm direction each | Mazzoldi
nts, plume™) or | atmospheric |available | concentratio site. . 1’sec0n q second). etal, 2008
Nevada, |for20-25sec| dispersion npeaksup | Monitors n Atmospheric
USA periods models. to downwind dispersion
(transient 100,000ppm. | concentric models:
“puffs”) arcs at 25, Fluidyn-
50, 100 PANACHE
and 225m and ALOHA
from
source
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Table 4-22: Selected numerical models
Leakage )
CO2 Leakage Time . .
numerical | Scenario from Leakage from surface r'atel Study since Cor/1centr|at|on MOdﬁ”mg Reference
model reservoir gqut;vaz;ant area release results package
in tim2lyr
<300ppm
floating near | \MEC ocean
Extreme case: 94,600 t/yr fault; >1000 model
Leak (Iarge_ fa_ult connected to 1.26 Fault 25m | 10 days ppm- (includes
Offshore iﬁt% S?ee reservoir) i.e. 4x10°5 kgim2/s wide, 3km momentarily at topography,
Japan ocean N/A long within fault surface tides& |Kanoetal,
leakage from a 4x2X fault current 2010
scenarios fault 0.188 km simulations )
Reasonable case: 3,800 tiyr 3D model Within range of | Incorporating
(seepage of Rangeley EOR |  0.051 10days | background | 2-Phase
site) i.e. 1.61x10°6 kg/m2/s fluctuation flow
Long term diffuse seepage Max pH
((e.g. through permeable reduction of
formation) equivalent to 6.2x10° 0.12:
3.02x103t/yr (representing and 4years | significantly
Rangeley data) and 6.2x103 less than
3.02x105 t/yr) i.e. 3.85 and natural
3.85X102mmol/m2/day variability
-0.5t0-1.0 pH
, ;
Long te”‘.“ leak (e.g. well séittzlgn(]o’nz distul:ggf]ces
Leakage casing failure) 5.43 x106t 138m ' creates a " | POLCOMS-
North Sea into the over 1 year (5 and 50 times | 0.11 and dee 1 vear lume of ESREM-
leakage ocean N/A Sleipner input rate) i.e. 11 stratifisa in y acigifie d water HALTAFALL | Blackford
g from 6.93x103 and 6.93x104 ) N marine et al, 2008
scenarios - summer; Small regions
various mmol/m2/day . systems
scenarios two, 28.5m persist ~ 1 model
deep, well week
mixed) 01t0-0.2 pH
Short term leak (e.g. L;?t'ésr ga'ggg Zﬁ
pipeline fracture) 1.49x10% 05 pH un)i/ts;
and 1.49X10% over 1 day (5 oo P '
X o) 0.11 lday | disturbances
and 50 times typical pipeline .
o 3 persist up to 10
capacity) i.e. 6.93x10 420 d
mmol/m2/day an ays
after larger
leak
Attenuation is
proportional to
1000m the ratio of fault .
long - Quasi-1D
. permeability to
vertical model for
Leak faul leakoff iaration of
Simplified | -c<ad€ ba“.‘ coefficient. m'k?ra“m 0
model of upa 0.26 kg | 15% (0.07kg/m2/s) reaches abutting Not Deeper uoyant Chang et
conductive 2200 500m thick . fluid
CO2 leak up . CO2/m2/s the top of the fault. available leakage " al, 2009
vertical storage Commercial
afault ; pathways .
fault reservoir. simulator for
(2 lateral attenuate 2D
leakage much e
leakage h verification
athways) more than
P shallower
ones.
Leakage i . . Natural gas
Near Injection | Total leak into aquifer (not FEHM (non-
- through 13 kmx 13 leak at surface | .
Morrinville, cased well rate 1 to surface) through all wells 2500 km. 23 100 used for isothermal, | Pawar et
Alberta, : Mtlyr for | max 0.25% of injected CO- X years . multi-phase | al, 2009
with bad . . wells modelling ;
Canada 100 years. | (i.e.~0.25Mt cumulative) simulator)
cement parameters
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5 Monitoring Requirements

5.1 EXECUTIVE SUMMARY

This chapter evaluates the findings of earlier chapters and the review of existing techniques
(Chapter 10, Volume 2). Monitoring and measurement technologies and techniques are assessed
in order to identify gaps where those available do not adequately meet UK offshore regulatory
requirements. This indicates where improvements are required and where development effort
needs to be focussed.

Regulatory requirements for storage site monitoring are based on three mandatory high-level
requirements (to demonstrate understanding of storage site performance via matched predictive
modelling and monitoring; to demonstrate zero leakage, or if leakage does occur, to measure it
for possible accounting; and to calibrate and support models of long-term site performance and
stabilisation), with a desirable additional public-acceptance criterion of demonstrating attainment
of strategic emissions reduction targets. Within this framework operators are relatively free to
design monitoring regimes around appropriate technologies on a site-specific basis.

In this context the ten monitoring objectives used in the web-based IEA GHG CO, Storage
Monitoring Tool and applicable for UK offshore storage are outlined. The monitoring and
measurements necessary to meet these objectives and comply with regulatory requirements are
reviewed. There is discussion on the concept of ‘acceptable leakage’ and its projected effects on
overall emissions targets — especially with respect to timescales, which may be of the order of
hundreds of years and thus have significant implications for monitoring regimes.

Measurement capabilities are described for the key monitoring technologies likely to be
deployed in the UK offshore. We consider what each tool can be used to measure, its sensitivity
and accuracy and its spatial, volumetric and temporal coverage. These criteria are then evaluated
in terms of their effectiveness in developing a monitoring strategy, where different technologies
are deployed together, and where their results are interpreted jointly. This serves to highlight
where technologies and methodologies are adequate and where developments are needed; for the
latter, pointers are given to the improvements which need to be made. A sensitive and accurate
tool may fail to detect leakage because its area of coverage is small, but when combined with a
method with good spatial coverage (but lower sensitivity) leaks may be both detected and
quantified.

It is concluded that technologies and methodologies developed in the hydrocarbons industry, for
monitoring oil and gas reservoirs, are generally mature and adequate for monitoring CO, storage
reservoirs to comply with requirements. There are, however, some specific areas requiring
development and further testing for CO, storage is needed. In contrast, much technology
designed specifically for detecting and quantifying CO, leakage is not yet mature and will
require significant development.

5.2 INTRODUCTION

The objective of this chapter is to synthesise the findings of earlier chapters, and the review of
techniques in Chapter 10 (Volume 2), in order to assess the measurement requirements for UK
offshore MMV and to outline the efficacy of existing measurement technologies. By examining
the capabilities of existing tools, used individually or in combination, key technological and
methodological gaps will be identified. These will be assessed further in subsequent chapters of
the report.

The regulatory requirements for monitoring at CO, storage sites define high-level objectives
(Chapter 2). A judgement can be made about more specific requirements, and how those might
be met, when large-scale storage takes place in future.
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MMV schemes proposed or deployed at actual North Sea sites have been considered in Chapter
3.

Chapter 4 presents some possible leakage situations, with insights into how much might be
leaking (based on generic assumptions) or emitted and the nature of the leakage. This
information helps to define the type of monitoring that might be required to detect and measure
it. In practice, any measurements are likely to be used to constrain predictive modelling and the
outcomes of the initial simulations would be used to help define monitoring strategies.

Existing monitoring tools have been outlined in Volume 2 (Chapter 10).

The purpose of this chapter is to identify where existing MMV technologies are likely to fall
short of what is needed to satisfy the requirements for demonstrating storage performance and
detecting and quantifying leakage. This will lead to a definition of the extent to which
improvement is needed in both qualitative and quantitative terms and will help to focus
investigation of technological developments in the following chapters of the report.

The focus is on monitoring tools considered to be most appropriate for UK offshore storage. The
resolution, accuracy and detection limits of these tools are discussed and their applicability for
different types of monitoring considered. We also make initial suggestions on how the tools may
be used together in an overall monitoring strategy (this is considered in more detail in Chapter
8). Shortcomings in available techniques are highlighted as they help to define areas that might
require future research and development and this is developed further in Chapters 6 and 7.

With some specific exceptions (discussed in later chapters) techniques focussed on deep
monitoring, based on decades of continuing development in the oil and gas industry, are
considered relatively mature and adequate to meet requirements. While leakage is not expected
at any storage site that has been suitably characterised and designed, regulations place greater
emphasis on monitoring leakage and its impact. Our review to date indicates technologies for
assessing and quantifying leakage require greater development and as such form the focus here.

5.3 MEASUREMENT REQUIREMENTS
Regulatory needs for storage site monitoring can be distilled into four high-level requirements:

1. To demonstrate robust understanding of storage site performance via matched predictive
modelling and monitoring.

2. To demonstrate zero leakage, or if leakage does occur, to measure it for possible
accounting as part of the ETS.

To calibrate and support models of long-term site performance and stabilisation.
To satisfy strategic emissions reduction objectives.

The first three requirements are mandatory. The final requirement is not mandatory but is
nevertheless important, particularly for early storage projects, as the ability to demonstrate
storage efficacy in terms of emissions mitigation is important for public acceptance of CCS.

5.3.1 Generic monitoring aims

To satisfy these high-level requirements, a number of generic monitoring objectives can be
identified. The IEAGHG Monitoring Selection webtool identifies ten such objectives
(http://www.co2captureandstorage.info/co2monitoringtool/). The objectives outlined below are
extracted from the webtool, and adapted to the particular circumstances of UK offshore storage.

Plume imaging: The ability to explicitly image the plume of free CO; in the subsurface is a first-
order determinant of storage performance and is likely to be a pre-requisite for many, though not
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all, storage situations. In the early stages of CO, injection, plume imaging is likely to involve
tracking/mapping free CO, in the primary storage reservoir using time-lapse seismic surveying.
In the longer term, plume imaging could involve tracking CO, migration into strata adjacent to
the storage reservoir, such as the overburden, and might trigger other monitoring.

Topseal Integrity: Close monitoring of the reservoir topseal for evidence of failure or leakage
will be important during the injection stage of a project. During this period, and for some time
afterwards, reservoir pressures are likely to be significantly elevated immediately beneath the
caprock. A maximum permissible (threshold) pressure is likely to have been determined during
site characterisation, prior to injection. Evidence of reduced seal integrity or failure could be
obtained from a number of monitoring techniques including direct detection or imaging of free
CO., pressure changes in the reservoir or overburden, induced microseismicity or changes in
aquifer chemistry. Monitoring in the overburden is likely to be required if CO, has migrated
from the storage reservoir. The principal techniques deployed for monitoring plume migration in
the reservoir (e.g. 3-D seismic) would be equally suitable for monitoring migration in the
overburden.

Quantification: It is a regulatory requirement that the mass of CO, injected for storage is
measured at the wellhead via some form of flow meter, although this is not a monitoring
consideration for this study. Independent confirmation of the injected mass in the subsurface is
not a regulatory requirement, not least because this would be technically very challenging and in
many cases impossible at present. Nevertheless, in some circumstances it may be desirable to
obtain quantitative information about aspects of the CO, plume in order to demonstrate
understanding of flow processes in the reservoir, for example saturation, extent of dissolution,
and residual trapping. These can to some extent be inferred from 3-D seismic data, but further
development using other monitoring techniques is needed.

In the event that leakage to the atmosphere or seawater column has been positively identified,
quantification of the mass of these emissions will be required to account for site emissions in the
ETS and for the UK emissions inventory.

Storage efficiency and fine-scale processes: Long-term storage security and capacity is
influenced by a number of factors that include plume migration, CO, dissolution in reservoir
pore waters, structural and stratigraphical trapping and residual gas trapping in pore spaces.
These processes are often influenced by fine-scale variations in reservoir geometry, lithology,
pore architecture, permeability and pore water chemistry. In addition, key reservoir monitoring
parameters such as seismic velocity are influenced by fine-scale processes such as fluid mixing
scales. Specialised monitoring tools can be targeted on particular parts of the storage reservoir to
help gain insights into these processes.

Calibration of predictive models: Predicting how the CO, will be stored over the long-term
requires the integration of many geological processes in a predictive model. Such models require
detailed site-specific geological knowledge of the reservoir, caprock and overburden. For a given
formation the following parameters may need to be included: horizontal and vertical
permeability, porosity, thickness, lateral extent, structure, fractures and faults, formation water
chemistry, lithology, geomechanical properties, in situ stresses, pressure and temperature. By
acquiring monitoring data on key processes and their interactions during and after injection,
outputs from the predictive models can tested and calibrated, enabling the models to be suitably
modified. This will decrease uncertainty in long term model predictions.

Near surface migration (<25m depth) and leakage to the water column: detection and
measurement: As well as defining ultimate storage performance, leakage to surface could have
safety and environmental impacts. Monitoring technologies to detect and/or measure surface
leakage may well be routinely deployed prior to injection as part of the site baseline
characterisation process. Repeat monitoring is likely to be required to establish natural cycles in
background variations, such as diurnal and seasonal variations in biogenic CO,, so that any
future leaks can be identified and separated from background variations.
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Seismicity and earth movements: In some cases CO, injection can lead to increased (micro)
seismic activity and, in some circumstances, to detectable ground movements. For UK offshore
storage the latter is not likely to be a significant problem, although it could help to define the
position of the CO, plume. In depleted hydrocarbon fields reservoir damage through depletion
and subsequent CO; injection may also need to be evaluated, particularly where fault
reactivation is considered to pose a potential risk.

Well integrity: The ability of wells to retain CO, during the injection, post-injection and post-
closure phases, is an important consideration in many storage situations. Geomechanical, and in
the longer term geochemical, processes have been postulated to degrade well integrity. The UK
offshore area is likely to contain significant numbers of wells of varying ages and styles of
completion and abandonment. While new completion materials, such as CO,-resistant cements,
will greatly enhance the stability of new wells, older wells may need initial appraisal, and
possible workover prior to injection and monitoring during injection and post-injection phases.

5.3.2 Monitoring to meet regulatory requirements

With the exception of a specific requirement to measure reservoir pressure and temperature (in
order to determine CO, phase behaviour and state), the EC Storage Directive does not prescribe
specific measurement techniques that should be deployed in CO, storage projects (Chapter 2).

However the four high-level monitoring requirements outlined have implicit measurement
requirements which are discussed in the following:

5.3.2.1 MEASUREMENT REQUIREMENTS TO DEMONSTRATE UNDERSTANDING OF STORAGE SITE
PERFORMANCE

This requirement is essentially addressed by deep-focussed monitoring systems aimed at testing
and calibrating predictive performance models. Systems may incorporate tools as follows:

e Technologies to detect the presence, location and migration paths of CO,, in the subsurface

e Technologies to provide information about pressure-volume behaviour and the areal/vertical
distribution of the CO, plume to test and refine numerical 3-D reservoir simulations. Tools
should provide a wide areal spread in order to capture information on any previously
undetected potential migration pathways across the extent of the complete storage complex.

As illustrated by the examples in Volume 2 (Chapter 10), measurement requirements and
methodologies for deep-focussed monitoring are highly site-specific. In general terms a UK
offshore operator must consider what techniques are needed to monitor plume migration in 4D;
the impact of injection on subsurface pressures, the possible displacement of fluids (e.g. saline
water) that could have impacts beyond the storage reservoir (e.g. on neighbouring resources or
storage sites) and the presence (or anticipated presence) of migration pathways that could affect
adjacent areas or ultimately leak to the seabed, including the potential impacts of any leak on
‘legitimate users of the sea’. In the offshore such users could include: fishermen, maintenance
personnel for offshore structures and the crew and passengers of ships.

Quantitative acceptance criteria for the verification of storage site performance have not yet been
defined, but will likely be highly site-specific. It is anticipated that detailed agreements on
measurement requirements for performance verification will form part of the storage licence. In
general it is likely that large-scale factors such as the number and spacing of monitoring wells or
the spatial extent and repeat frequency of time-lapse seismic will be more important than the
exact measurement capability of an individual monitoring tool.

In general, the key deep-focussed monitoring technologies are relatively mature. Current
measurement capabilities of some deep-focussed tools are outlined below. It is clear that
continued deployment and testing in storage situations will lead to evolutionary improvements.
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5.3.2.2 MEASUREMENT REQUIREMENTS FOR THE DETECTION AND QUANTIFICATION OF LEAKAGE

Under the EU Storage Directive operators will be required in the first instance to demonstrate
that no leakage is occurring. If at some point the monitoring indicates that this is not the case, the
operator will then have to measure the leakage in order to establish his position with respect to
ETS credits.

The question arises therefore as to the definition of ‘zero leakage’. Clearly no monitoring system
is sufficiently sensitive to guarantee zero leakage by itself. Other criteria, such as conformance
with the predictive models and known sealing performance of the overburden, need to be
included in the equation. Because the regulations require that monitoring systems will be capable
of detecting ‘any release of CO, from the storage complex’ (EC Directive 2009/31/EC, Article3,
para. 5), a tension might therefore arise between operators and regulators over the sensitivity and
costs of the proposed monitoring technologies to be deployed. Operators may wish to underplay
the sensitivity of monitoring to avoid either overly burdensome and therefore costly monitoring
or the costs of remediating very small leaks.

The required sensitivity of leakage monitoring under the Storage Directive is therefore not
defined. One possible approach may be for regulators to define an overarching performance
requirement for initial leakage monitoring (see 5.2.2.4 below).

In the event that any likelihood of leakage is indicated by deep-focussed monitoring, or leakage
is explicitly identified through shallow or surface monitoring, then the operator is required by
draft amendments to the ETS Directive to monitor the leakage until no more leakage is detected.
The operator will then be required to do one or more of the following:

e Accept that CO, will be emitted to the seawater and pay the equivalent value in lost
emissions credits under the ETS. This will require installation of a robust leakage
measurement system.

e Undertake some form of mitigation and/or remediation, and then carry out one or more of
the following:

0 Monitor the success of the mitigation

0 Revise storage capacities,

o Alter injection strategies

o0 Stop injection and apply for site closure (only possible when no liabilities for the

leak remain)

o]
In order to decide which options are most appropriate, the operator will require some key
information concerning the leak, requiring a range of monitoring techniques:

e Where is the leak?
e Whose CO; is it (where multiple stores are in the vicinity)?
e What is the scale
o how much CO,?
o0 how long has it leaked / will it leak?
0 What is the areal extent?
e What are the potential impacts?
o environmental
o financial

Once this information is available, operators will be able to decide, based on a techno-
economical evaluation and through dialogue with the regulators, the most appropriate course of
action. The financial, legal and reputational impacts on a project of a significant leak, i.e. one
that requires intervention and remediation, could be very high.
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5.3.2.3 MEASUREMENT REQUIREMENTS TO CALIBRATE AND SUPPORT MODELS OF LONG-TERM SITE
PERFORMANCE AND STABILISATION

Operators will need to demonstrate appropriate understanding of site performance throughout the
injection and post-injection periods. Following site closure, in order for operators to transfer
liability for the site back to the competent authority, they will need to demonstrate that site
performance is such that it will contain CO, permanently, in accordance with the agreed
Framework for Risk Assessment and Management. A key element of this will be the need to
demonstrate a validated understanding of long-term trapping mechanisms leading to a stabilised
containment. The principal medium to long-term stabilisation processes that can be addressed
by monitoring are likely to be pressure decline and CO, dissolution into the formation water,
with the subsequent potential for mineral trapping through geochemical reactions also being
addressed as a secondary priority (since such reactions are typically very slow and occur on
geological timescales). Pressure decrease can clearly be confirmed by downhole monitoring for
as long as the wells remain open. Validation of rates of dissolution and further mineral trapping
is more challenging, and should be provided from a range of activities:

e Laboratory experiments to help constrain likely geochemical reactions and dissolution
rates.

e Reservoir simulations, including coupled flow and geochemical reactions, to predict
longer-term reservoir behaviour particularly dissolution.

e Direct monitoring of reservoir processes such as rates of CO, dissolution to confirm the
long-term predictive models are reasonable.

A key measurement parameter to establish rates of CO, dissolution would be pH. Though
downhole sampling is being trialled in small-scale pilot projects (see Section 5.1.1) and at
Weyburn, a current technological gap is the capability to continuously monitor in situ pH in
boreholes accurately. Key challenges are reliable and stable pH sensors and accurate and stable
calibration.

One constraint on the use of downhole monitoring data, as discussed in Section 5.1.2, is that
such data are essentially 1-D, and whilst they can indicate the local proportion of CO; in
solution, they cannot measure the total amount of CO, dissolved. This reservoir-scale parameter
is dependent on the amount of contact between CO, and formation water which itself is
dependent on saturation, permeability, reservoir heterogeneity and injection strategies. However,
combination with plume imaging and other data could allow estimates to be calculated

To verify long-term future site containment requires validated reservoir simulations. This
validation includes matching data acquired during operational and post-injection phases to
simulated reservoir behaviour. This behaviour can be measured in a range of ways which could
include: plume imaging (seismic), tracers, pressure, CO, solution amounts and rates, and
temperatures. It is likely that the geological model will be refined based on this data to more
closely match predicted behaviour with the measurements.

5.3.3 Monitoring requirements to satisfy strategic emissions reduction objectives

As discussed above, the mandatory measurement requirements aim to establish understanding of
current storage site performance, to establish leakage amounts if present and to assist in the
prediction of future performance with the ultimate aim of enabling transfer of liability.

Demonstrating site performance in terms of emissions mitigation is not mandatory, but may
nevertheless be considered desirable. Indeed the possibility of setting generic site performance
thresholds has been an issue of much debate in regulatory circles though we believe it is widely
accepted that this is not practicable. However, in order to evaluate monitoring capabilities we
require a form of threshold to be defined against which we can assess techniques.
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A logical measure of satisfactory containment performance in terms of emissions mitigation
could be to estimate how well a nominal storage site should perform in order to fulfil its basic
emissions reduction function. Lindeberg (2003) showed how different storage retention times
were related to future stabilised atmospheric concentrations — sites retaining CO, for several
thousand years (or longer) can be considered as providing effective mitigation. In a simpler
treatment, Hepple & Benson (2003) have calculated global site leakage rates consistent with a
range of atmospheric stabilisation targets (at CO, concentrations of 350, 450, 550, 650 and 750
ppm). By assuming that the rate of leakage is proportional to the amount of CO, stored at any
given time, acceptable annual site leakage rates can be calculated. Although simplistic, this
approach forms a credible basis for a preliminary treatment of the problem. Thus, according to
Hepple & Benson, stabilization at any atmospheric CO, level less than 550 ppm would require
average annual leakage rates to be less than 0.01% for all IPCC emission scenarios, this figure is
similar to the effective annual leakage allowable under Lindeberg’s model.

The question arises therefore as to what measurement requirements would be needed to ensure
that emissions from a given storage site are below the required emissions threshold. Estimates of
flux rates to the seabed from the leakage scenarios developed in Chapter 4 can be used to
investigate this.

Calculations based on different leakage scenarios indicate that a range of flux rates could be
expected, dependent on the assumptions made in each scenario (Table 4-8 and Table 4-9). In all
cases peak flux rates are not reached until after injection has finished, but as a means of
illustration we could consider a scenario whereby subsurface monitoring has detected a
migration event at depth which was predicted to result in leakage to the seabed surface at some
point in the future. The estimated fluxes can be considered as predictions of the amounts of CO,
expected to be released. The peak annual flux can then be compared, as a percentage, to the total
amount of CO; injected in each scenario (Table 5-1).

Cumulative | Leakage Free CO at
injected mass | Pathway to seabed as a
Case of CO, at50 | Sea bed, peak percentage of
flux total CO,
y o
injected.
Tonnes per
tonnes year %
1 Well | 1.63E+07 2.40E-02 1.47E-07
2 Well | 4.69E+08 2.50E-02 5.33E-09
3 Well | 2.03E+08 8.50E-02 4.19E-08
1 Fault | 1.55E+07 5.60E-03 3.61E-08
2_Fault | 4.69E+08 1.20E+04 2.56E-03
3 Fault | 2.05E+08 3.80E+04 1.85E-02
1 Cap 1.63E+07 5.50E+03 3.37E-02
2 Cap 4.69E+08 4.10E+03 8.74E-04
3 Cap 2.03E+08 2.60E+04 1.28E-02

Table 5-1: The percentage of calculated free CO, for a range of leakage scenarios (see
Chapter 4 for details)

This comparison indicates that none of the leaking well scenarios would lead to the 0.01%
performance standard being exceeded. Leakage via a fault in Case 3 (shallow saline aquifer)
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exceeds the performance standard, though it should be remembered that this case is not
considered representative of most North Sea storage sites, where faults do not penetrate from the
reservoir to the seabed. Two of the failed caprock leakage scenarios, Case 1 (deep
underpressured reservoir) and Case 3 (shallow saline aquifer), result in leakage rates that exceed
the performance standard. In these conceptual examples, the proportion of CO, leaking annually
is estimated to be 0.034% for Case 1 and 0.013% for Case 3. Therefore in these cases the
operator could decide appropriate increased monitoring and mitigation actions to prevent this
leak. These additional actions would be balanced against the value of CO, at the time which
would need to be surrendered if no action were taken and leakage was allowed to take place.

For the purpose of this simple illustration, we have ignored the fact that the predicted peak flux
rates for free CO, only occur after several hundred years and average fluxes over the long-term
are significantly lower than the peak values. In practice however, these would be important
factors to consider. Predictions of leakage after hundreds of years raise questions about the
duration of monitoring necessary and whether sites would be licensed that needed monitoring
over such long implied timescales. The regulator would have to make a judgement in such cases
that also took the likelihood of leakage into account.

If we assume that the annual leakage rate for a hypothetical site does match the performance
criterion of 0.01% annual leakage, and taking a storage case of 10 Mt per year for 50 years, it is
possible to calculate the amounts leaked (Table 5-2).

end of cumu!a?ive cumulative leakage AL
year amount injected (kt) amount stored
(kt) (kt)

10 100000 500 59950

200 200000 200 199500

300 300000 450 299550

Al AD000A 800 399200

Al S00000 1260 438750

75 500000 2500 497500

Table 5-2: Hypothetical masses of CO; stored and leaked assuming a 10 Mt per year
injection rate and an annual leakage rate of ~0.01%.

With large-scale storage such as this it is clear that even though the annual leakage rate is low,
absolute leakage amounts are quite high. After 10 years, such a site would have leaked around
50kt of CO,. This increases to 1250 kt after 50 years (end of injection). Post-injection, assuming
that the site continues to leak at 0.01% per year, the measurement requirement is even less
stringent at 2500 kt. Such amounts of CO, should be readily detectable using current monitoring
technologies (see below).

54 TOOL MEASUREMENT CAPABILITIES

Before discussing the monitoring systems necessary to meet the measurement requirements for
storage sites it is helpful to assess the current measurement capabilities of some key monitoring
tools. These are summarised in Appendix 3 and Appendix 4 (Volume 2) and then discussed in
the following text, which focuses on those deemed to be most relevant to offshore UK
monitoring.
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5.4.1 Deep-focussed tools

A number of surface-deployed, deep-focussed methods can provide either full spatial sampling
or integrative coverage of the storage complex.

5.4.1.1 3D SURFACE SEISMIC

3D surface seismic is probably the tool of choice for subsurface detection and measurement. Its
key strength is the fact that it provides a combination of quite high sensitivity with continuous
and uniform coverage of the subsurface, such that its sensitivity approximates its measurement
capability.

Detection of CO, in the overburden, as ‘bright spots’, can potentially be used to estimate
migration fluxes. Bright-spots on time-lapse data can arise directly from the reflectivity of a CO,
accumulation, or as a consequence of velocity pushdown produced by the CO, accumulation. To
be detectable the CO, accumulation must have lateral and vertical dimensions sufficient to
produce a discernible seismic response. A study by Myer et al. (2002) based on theoretical
resolution considerations, has suggested that CO, accumulations as small as 10000 to 20000
tonnes should be detectable under favourable conditions.

Results from the Sleipner time-lapse surveys (Chapter 3) indicate that these figures may be
somewhat conservative. Repeatability noise (which depends on the accuracy with which
successive surveys can be matched), rather than resolution, may be the key parameter controlling
detection thresholds.

The capability of the 3D surface seismic data at Sleipner to detect the migration of small
quantities of CO, can be illustrated by examining the topmost part of the 1999 plume, which is
marked by two small CO, accumulations trapped directly beneath the caprock (Figure 3-14).
From the reflection amplitudes the net volumes of the two accumulations can be estimated at
9000 and 11500 m® respectively. Other seismic features on the time-slice can be attributed to
repeatability noise, arising from minor mismatches of the 1999 and 1994 (baseline) surveys. For
a patch of CO, to be identified on the data it should be possible to discriminate unequivocally
between it and the largest noise peaks, so it is clear that the level of repeatability noise plays a
key role in determining the detectability threshold. Preliminary analysis suggests that
accumulations larger than about 4000 m® should exceed the threshold. At high saturations, this
would correspond to about 2800 tonnes of CO, at the top of the reservoir where CO, has a
density of about 700 kg m™, but less than 600 tonnes at 500 m depth, where the density is
considerably lower. The detectable mass would be even lower for CO, at lower saturations.

The actual detection capability may, however, depend on the nature of the migrating CO,
stream. Small thick accumulations in porous strata would tend to be readily detectable, whereas
distributed leakage through low permeability rocks may be difficult to detect explicitly with
conventional seismic techniques, although velocity pushdown generated by such an
accumulation should be visible on time-lapse differenced data. Similarly, leakage along a fault
within low permeability rocks may be difficult to detect

5.4.1.2 CROSS-HOLE SEISMIC

Also known as cross-well profiling this technique is a potentially useful adjunct to surface
seismic where appropriate wells are available. At least two relatively closely-spaced wells are
required, straddling a part of the reservoir where CO; is present, injected CO, being detected by
changes in seismic velocity in or around the reservoir.

A cross-hole seismic study at Nagaoka, Japan was based on three wells all within 120 m of the
injection point and provided a 160 m long profile through the reservoir at the injection point.
Comparison of the baseline survey and the repeat after the initial phase of injection clearly
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revealed a zone of reduced velocity due to the injection of 3200 t of CO, (the actual amount of
CO, contributing to the detectable change on the cross-section between the wells would of
course have been considerably less than this).

Similar results were obtained in a study at the Frio project in Texas, where the injection of 1600 t
CO, was detected between repeat cross-hole surveys. In this case, the post-injection velocity
anomaly was imaged sufficiently well to indicate the lie of the CO, plume with respect to the
geological structure and so obtain valuable direct comparison with the reservoir injection
simulation (Chapter 10).

Cross-hole seismic has a potentially higher resolution than surface seismic because it uses higher
frequency sources and because source to receiver distances are shorter giving less signal
attenuation. Its main purpose in monitoring large-scale storage may be to provide fine-scale
detail on CO, distributions within the reservoir to support and calibrate predictive flow
simulations. There is also the possibility of using it to detect quite small amounts of leakage into
the overburden above a CO; store, particularly around wellbores. This method could therefore
have a role in the long-term monitoring of CO, storage sites after completion of injection.

The key limitations on the use of cross-hole seismic are availability of suitable wells, the limited
areal coverage and cost. For this method to provide effective results it is essential that wells are
selected such that 2D profiles between them intersect the storage reservoir. The wells also need
to be closely spaced, of the order 50 to 2000 m apart. This may present problems in fields with a
low density of accessible wells, such as some in the North Sea.

Seismic sources and receivers need to be installed in the wells on a long-term basis for time-
lapse surveys, where good repeatability is obtained because of the well-constrained positioning
possible in boreholes. Well seismic technology is developing rapidly with new down-hole source
and receiver equipment becoming available. Down-hole sources typically use pulse (e.g. sparker,
airgun) or vibrator (e.g. rotary vibrator, piezoelectric) technologies packaged into sondes. Source
equipment is not usually deployed in injection wells and tends to require more maintenance than
receivers. Receiver strings now utilise miniature geophones or fibre optic sensors, which allow
more receivers to be used, providing higher resolution at relatively lower cost. Such receivers
may be installed in the casing annulus of an injection well, so one well fulfils both injection and
monitoring purposes; however injection usually needs to be suspended during seismic
acquisition.

Although installation and maintenance are high-cost, surveys can be conducted at low-cost using
automated, unmanned techniques with results transmitted for processing and analysis at remote
locations.

5.4.1.3 VERTICAL SEISMIC PROFILING (VSP)

The oil and gas industry makes extensive use of VSP for reservoir production monitoring and it
is expected to prove equally useful in CO, storage site monitoring. This technique employs
surface seismic sources with down-hole receivers to image subsurface reflectors and velocity
structure around a well. It was developed from earlier, simpler ‘check shot’ well seismic
methods which provided velocity and time calibration data for interpretation of conventional
seismic surveys. There are similarities with both surface and cross-hole seismic methods and,
likewise, changes in a reservoir are detected by comparing results from successive surveys.

The main controlling factor on subsurface coverage is the design of the surface source array. A
basic survey uses a seismic source at (zero-offset VSP) or close to (offset VSP) the well and
provides quite a narrow zone of coverage. A walkaway VSP employs a source moving away
from the well along a radial line to produce a 2D profile, typically of length 100—2000 m.
Several profiles radiating in different directions can be combined to create pseudo-3D coverage
around the well. Full 3D VSP coverage can be provided by either moving the source over a grid
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centred on the well, or by overlapping VSPs at adjacent wells. A typical 3D VSP grid would
cover an area of 5 x 5 km.

VSP provides high-resolution coverage around a wellbore, with excellent velocity control
because survey geometry is well-constrained. Multi-component receivers can be used to detect
anisotropic effects in the reservoir and overburden. These characteristics suggest that small
quantities CO, of should be detectable and that this method has potential as a leakage detection
technique. This was confirmed by comparison of experimental VSP surveys before and after
injection of 1600 t of CO, at the Frio site in Texas, which produced good imaging of the CO,
plume located at 1500 m depth. The results obtained suggest that the method would be able to
detect smaller quantities than this and that seismic ray path modelling should be able to delimit
reliably the extent of a CO, plume.

The VSP method has fewer operational limitations and lower costs than cross-hole seismics.
Only one well is required, which may also be an injection well. Single-well operation with older
V'SP equipment would require regular lengthy suspensions of injection for deployment of a
receiver string in the well and acquisition of data. Seismic ‘acquisition while producing’
receivers are available for oil and gas wells, but current versions may not be suitable for use in
CO;, injection wells due to the corrosive effects of CO,. However the miniature geophone and
fibre optic sensors now becoming available could be permanently installed in the casing annulus
of an injection well permitting single-well operation with minimal interruption to injection —
ideal for time-lapse surveys. Surface seismic sources are also generally cheaper to deploy than
down-hole sources. Where multiple wells are available a more detailed picture of the reservoir
can be obtained, especially if it is possible to acquire overlapping VSP coverage.

A novel application of VVSP is for ultra-high resolution travel-time (HRTT) measurement. In this
configuration high frequency receivers are placed in the wellbore beneath the CO, plume.
Changes in travel-time and attenuation from a high frequency seismic source above the plume
can be used for direct quantification and mapping plume extents. With potential resolution of
fractions of a millisecond this is a high precision tool, capable of detecting CO, layers less than
1 m thick. However, to our knowledge HRTT has not yet been successfully deployed in CO,
storage. Depending on logistics the method is potentially very suitable for deployment in
deviated injection wells where the wellbore lies beneath the buoyant CO, plume (such as at
Sleipner).

5.4.1.4 WELL SEISMIC: INTEGRATIVE CONSIDERATIONS

Once installed permanent well-based seismic receiver equipment can be used for VSP, cross-
hole and passive microseismic monitoring applications. This offers a significant cost benefit
when two or more methods are employed.

There are also some cross-over technologies in use. By conducting a VSP with receivers in a
sub-horizontal well and a source towed along the well’s surface track, it is possible to process the
results using cross-hole tomographic techniques and so obtain a velocity tomogram of the
vertical section.

Cross-hole source and receiver equipment may be used in the same well to produce a ‘single-
well profile’, which is like a vertical version of a conventional 2D seismic profile. These have
applications in imaging steeply dipping structures adjacent to reservoirs such as the flanks of salt
bodies.

Finally, down-hole receiver arrays can be used in conjunction with conventional seismic surveys.
For example if a conventional 3D seismic survey centred on the platform is being acquired then
receiver strings in the wells can be used to record VSP data at the same time, providing a
significant cost benefit.
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5.4.1.5 SURFACE GRAVIMETRY

Gravimetry is a volumetric ‘integrator’ so does not suffer from sampling problems as such.
Compared to seismic however its resolution and intrinsic detection capability are very poor.

The viability of monitoring injected CO, with repeated gravity measurements is strongly
dependent on CO, density and subsurface distribution. In general terms the size of the gravity
change gives information on subsurface volumes and densities, while the spatial variation in
gravity gives information on lateral CO distribution. The weakest aspect of the gravity data is in
resolving absolute depth information on the CO, accumulation.

Although of much lower spatial resolution than the seismic methods, gravimetry offers some
important complementary adjuncts to time-lapse seismic monitoring. Firstly, it can provide
independent verification of the change in subsurface mass which may enable estimates to be
made of the amount of CO, going into solution, an important element in long-term performance
prediction (dissolved CO, is effectively invisible on seismic data). Secondly, deployed
periodically, gravimetry could be used as an ‘early warning system’ to detect the accumulation
of migrating CO;, in shallow overburden traps where it is likely to be in the low density gaseous
phase with a correspondingly strong gravity signature.

The detection limits of gravimetry are highly site specific: low CO, density and a spatially
confined CO; bubble will give the largest gravity change for a given mass, shallow depths and
high temperatures favouring lower densities. Recent work at Sleipner (Volume 2 Chapter 10)
suggests that measurement accuracy for repeat surveys offshore may be as low as 3 to 5 uGal. At
these repeatability levels, under favourable conditions, accumulations of CO, in the gaseous
state of less than 1 Mt may be detectable at depths around 500 m (Figure 5-1). Such a figure
seems quite large, but in the context of a possible future large-scale storage site, would be less
than 1% of the total amount stored, but this is greater than a 0.01% performance standard. For
general measurements within a reasonably shallow storage reservoir, injected CO, masses of
more than about 2 Mt would be expected to produce a detectable response.

5.4.1.6 DOWNHOLE PRESSURE AND TEMPERATURE

Monitoring the pressure and temperature regime in a reservoir is of fundamental importance in
reservoir engineering, to determine the mechanical integrity of the reservoir and the physical
properties of the fluids it contains. Therefore technologies to measure these parameters have
been well-developed for the oil and gas industry, are widely available and low-cost. The same
instrumentation should be usable at CO, storage sites and has been demonstrated by some of the
experimental studies.

Sensors are installed at well bottom, well head and various levels in between. This allows
monitoring to detect changes not only in the reservoir but in the caprock, overlying strata and in
the wellbore itself — where a sudden pressure drop might indicate loss of integrity in the casing
or cement bond. However pressure changes need careful interpretation based on the speed with
which they occur, where in the well they occur, the pressure history of the well and correlation
with observations from other monitoring methods. For example, a pressure drop might be due to
the opening of a migration pathway within the reservoir or to the dilation of a fracture into the
seal.

Results from the Frio project in Texas established that pressure and temperature monitoring was
critical to interpreting and understanding the CO, phases in the injection plume. Pressure
monitoring at the Nagaoka site in Japan ran continuously from pre-injection through to post-
injection, and results showed a good correlation with injection rates and that reservoir pressures
did not reach or exceed the predicted reservoir fracture pressure.
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Figure 5-1 Gravity models to illustrate changes in gravimetric signature caused by
migration of 5 Mt of CO, from the primary storage reservoir to shallower depth. Note
625000 tonnes of CO, migrating would produce a change of 5 pGals (image courtesy
British Geological Survey).

In addition to monitoring for non-conformances, pressure is a key tool for validating and
calibrating predictive models, as typified by the pressure monitoring at K12-B (Chapter 3). It is
clear that the current sensitivity / accuracy of downhole pressure tools are more than sufficient to
establish whether a predictive model is working or not. The main issue here is what degree of
mismatch between a model prediction and a monitoring measurement is allowable before the
model is declared invalid.

Downhole pressure monitoring essentially integrates the pressure response from a large volume
of reservoir, albeit with limited directional information. Pressure measurement can also be made
continuously and are likely to be a key aspect of routine reservoir monitoring in injection wells.
They are also likely to be made in monitoring wells either located within the reservoir (at some
point along the flow path from the injection well) and/or in overlying aquifers to monitor for
possible CO, leakage. The sensitivity of pressure monitoring to detect such leakage will depend
on the mass of CO, that leaks and the resultant change in pressure. This will require site-
specific calculations to establish the likely sensitivity requirements. An example of downhole
pressure monitoring sensitivity is Schlumberger’s Unigauge Tool, for which they quote a
pressure resolution of 0.07-1.03 kPa and accuracy of £17-69 kPa. Such sensitivities should be
adequate for monitoring requirements.

Continuous temperature profiling outside and inside the wellbore is being trialled at Ketzin
(Chapter 10, Volume 2). Results so far are very good and have enabled very detailed monitoring
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of the physical state of CO, within the wellbore. Temperature is also very sensitive to fluid flow
and changes can be diagnostic of CO, migration around the wellbore.

5.4.1.7 OTHER DOWNHOLE MEASUREMENTS

Analysis of reservoir formation waters has been demonstrated in two small-scale pilot projects at
Frio (in Texas) and Otway (in SE Australia) and extensively at Weyburn. Preservation of
samples at in situ pressures is important as depressurisation results in CO, outgassing which will
affect the sample chemistry. The U-tube sampler allows the collection of suitably preserved
samples and also real-time analysis (Freifeld et al., 2005, 2006). The sampler was further
developed and implemented in the Otway Basin Pilot Project, where modifications enabled
tracers to be injected alongside the CO, stream (Stalker et al, 2008). At Otway, three samplers
were placed within a single borehole to enable samples of either gas or formation water to be
taken at different target depths. These sampling devices allow detailed geochemical and flow
measurements to be undertaken directly in the reservoir (or indeed in overlying aquifers if this
was deemed necessary). These tools have been developed and tested at very small scale pilot
sites and have been deployed in only a single well drilled specifically for the purpose. They have
been used to test a range of tracers and to monitor geochemical interactions at specific depths in
a reservoir. Analysis of formation waters may also provide useful information on rates of CO,
dissolution and subsequent fluid-rock interactions which may provide data on long-term trapping
mechanisms and help to establish assurance of long-term containment. The use of tracers and of
direct formation water sampling in wells on the expected plume migration path could also
provide direct evidence of CO, movement through a reservoir.

Both deployments of the U-tube sampling tool were undertaken at onshore pilot-scale research
projects. Further development of these types of sampling systems would be needed for routine
deployment in more remote offshore environments. Key areas for development might be
ensuring robustness and reliability for continuous operation in remote platforms and also
automatic operation for normally unmanned platforms.

Borehole mounted equipment can sample only a very limited rock volume immediately around
the wellbore (or between wellbores, in the case of crosshole deployments though these are
typically limited to imaging along 2D sections between boreholes). The location of the wells
and also of the monitoring equipment, including fluid samplers, within the wells, requires very
careful consideration to ensure they are located appropriately. In addition, the sampling
frequency is also an important consideration, requiring close co-ordination with predictive
modelling to optimise information retrieval (e.g. detection of the migrating plume front).
Nevertheless there is considerable potential for developing cheaper, automated monitoring
systems that allow direct monitoring of reservoir processes such as geochemical interactions.

A major limitation of downhole monitoring systems is the availability (number, location and
spatial coverage) of the potential monitoring wells. For depleted hydrocarbon fields, existing
wells would have been for exploration or production and would not be optimally located for
monitoring plume movement or formation water sampling. In addition, the number of wells will
naturally have been kept to a minimum during hydrocarbon production. As production declines
and wells water out, they are either shut-in or more completely abandoned, further reducing their
subsequent availability for monitoring (and injection) purposes. These constraints make the use
of downhole monitoring (with the exception of pressure and other simple technologies) a
challenge and an operator and regulator will have to weigh the benefits of such monitoring
against the costs of new dedicated monitoring wells.

The integrity of existing wells is also an important consideration as old wells could provide
potential pathways for CO, migration. Downhole tools exist for monitoring well integrity
(Chapter 10, Volume 2) and there has been some application of these with respect to CO,
projects. However, more testing is needed for CCS and, in particular thresholds for detection of
migration in wells need to be better established (see Chapter 6).
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Inaccessible abandoned wells may exist offshore and, by definition, would not be amenable to
monitoring with downhole methods. Non-invasive techniques, such as seismic methods, would
have to be used to monitor around the wellbore or surface monitoring (e.g. bubble detection,
seabed imaging or continuous measurement of gas or pH) deployed around the wellhead. This is
discussed in more detail in subsequent chapters.

5.4.2 Shallow-focussed tools

The primary requirement of shallow monitoring is the detection of CO, emissions from the
seabed or providing assurance that no emissions have occurred. An important requirement is the
acquisition of baseline data against which to assess subsequent changes. The various methods
available for near surface monitoring can provide 2-D or 3-D coverage or point information.
They give data at a particular moment in time. Repeat surveys may indicate time-lapse changes,
whilst continuous monitoring methods can be used at particular locations. The latter are
important as they may detect transient leakage changes that could be missed by discrete time-
lapse surveys.

5.4.2.1 SEABED IMAGING

As described in Volume 2 (Chapter 10), there are a variety of techniques for imaging the seabed,
which might detect changes in seabed properties caused by CO, escape. Shallow seismic
techniques, such as boomer, sparker or pinger, can detect surface features (e.g. pockmarks) along
2-D lines and may identify subsurface zones with gas that cause acoustic blanking. However,
this effect can be caused by gas concentrations as low as 2% (Section 10.1.9) and currently these
indirect methods cannot identify what gas is causing the effect.

The most promising methods for seabed imaging in relation to likely UK CO, storage are
multibeam echo sounding and sidescan sonar (Sections 10.1.13 and 10.1.14). These are high
resolution methods capable of detecting small features (< 1m). In addition to mapping seabed
topographic features the intensity of backscattered sound gives information on the nature of the
sea floor and could pick up changes due to CO, escape. More significantly, these methods have
been able to detect gas bubbles in the water column, although at the present time, refinements to
identify the gas present in the bubbles have yet to be developed. Fish-finding echo sounders can
also be used to detect bubbles (Section 10.1.15) and some models allow mapping of data.
However, multibeam and sidescan methods are better suited to systematic coverage of large
areas.

A limitation on the detection of gas emissions through seabed features is that not all gas escapes
are associated with changes in sea floor morphology. In some instances gentle seeps could form
without accompanying pockmarks or other features. Factors such as flux rate, pathways and
sediment type are all important here, with pockmarks being more commonly developed in
muddy sediments than in sands. Pockmarks are widespread naturally-occurring seabed features,
formed by escaping methane or water and therefore the formation of new pockmarks by
themselves may not be indicative of CO, leakage.

Bubble detection by sonar is probably a more reliable means of identifying gas leakage but, at
least at present, follow-up in situ sampling and analysis is required to identify the gas. In the
future it may be possible to use the acoustic properties or behaviour of the bubbles (given that
CO; is more soluble than methane) to make an assessment of the type of gas. Detection limits
for bubble density have yet to be established and there are very few case studies in the use of the
technique for CO,, although a simple fish finder was successfully used to detect CO, bubbles in
the Laacher See in southern Germany. Most case studies relate to releases of methane or water.
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5.4.2.2 MEASUREMENT OF GAS AND OTHER PARAMETERS

Whilst sonar techniques have great potential for rapidly surveying large areas in search of gas
emissions other techniques are needed to determine whether CO;, is escaping or measure other
parameters that may be associated with CO, release.

Gas concentrations can be measured as free gas or dissolved in seawater. Free gas analysis
requires the collection of samples by in situ instruments, ship-deployed samplers or those
operated from ROVs or by divers. Dissolved gas can also be measured by in situ monitoring
stations, from stationary survey vessels and from underway vessels. Direct sample collection
allows for subsequent shipboard or onshore laboratory determinations with very low detection
limits (parts per million levels). Instruments placed on the sea floor, in the water column or on a
buoy are generally less sensitive, but still capable of measuring fractions of 1% of CO,. Flux
rates can be measured by collection of gas through upturned funnels or through gas analysis and
flow rate determinations.

Other parameters, which may be related to CO, emission, can be measured using commercially
available devices. For example CTDs (Conductivity-Temperature-Depth measuring probes),
usually operated to make vertical profiles of water properties, are used routinely to determine
conductivity, temperature, pressure and pH (amongst others properties). Such techniques could
be adapted for underway operation and direct detection of CO, could be added to them.

Biomarkers are another possible way of monitoring CO, release through its effect on the
ecosystem. This could involve macrobiological or microbiological responses or even effects at a
molecular level in key organisms. These studies are, however, in their infancy, with only a few
studies having been carried out to date (Section 10.6.1). These do appear to indicate ecosystem
responses to escaping CO, and suggest there to be potential in such methods. Further
investigations are planned under new projects such as the EC FP7 project RISCS (started
January 2010) and n projects that have -yet to start such as ECO2 (in negotiation with the EC).

5.5 MONITORING STRATEGY AND TOOL INTEGRATION

5.5.1 Tool capability

There are two key components to measurement capability: instrumental sensitivity and accuracy,
and sampling efficiency (spatial or volumetric coverage, and temporal coverage). How these two
components combine determines the overall measurement capability of the tool.

A monitoring tool (such as a surface deployed gas flux meter) may have a very high sensitivity
but may only be able to sample at individual point locations (Figure 5-2).

If the tool is co-incident with the leak, then a very small leak could be detected and perhaps
measured. A more likely scenario is that the leak may be partially or wholly displaced from the
sensors, meaning that leakages may be inaccurately measured or missed altogether.

The key to improving measurement capability may be to design integrated monitoring systems
which combine tools with complementary sensitivity and sampling characteristics.
5.5.2 Monitoring strategy

The literature review of observed or predicted CO, releases and the results of the modelling
carried out in Chapter 4 provide some useful information in relation to detection capability. They
give some insights into the nature of possible emissions in terms of areal extent, the amount of
gas released and flux rates.
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Figure 5-2 Schematic view of a leakage monitoring system deploying a grid of point
sensors. Very small leakages can be detected, but only if they are co-incident with the
sensor. Conversely, larger leakages may be missed (image courtesy British Geological
Survey).

Observations from naturally-occurring leakage sites show that in general the localities of active
CO; venting are small in relation to the total area over which CO, emissions are being produced,
coming from only a few percent of the total area. Thus monitoring techniques need to be
designed to detect small features (10 m or less across) and, given the scale necessary for
commercial CO;, storage, to be able to provide coverage over large areas (hundreds of square
kilometres). Subsequent measurements of the emitted gas would likely be confined to relatively
small areas requiring detailed study. This means that, provided a gas vent is spotted, detection of
even low levels of release should be possible.

Leakage rates and distribution are governed by geological conditions. They may be initiated by
events such as seismic activity and are then controlled by factors such as permeability, fracture
patterns, lithology and hydrogeology. Rates therefore vary with time and monitoring needs to be
designed to take that into account, for example by using continuous measurements to assess
variability.

Flux rates from natural and experimental CO, emissions have mostly been measured onshore.
They range from rates in excess of 1t CO, m? yr™ at actively venting sites to background values
three orders of magnitude smaller. Areas of diffuse leakage can occur and these are far more
difficult to identify (at least onshore) as they overlap with background values. Large ranges of
flux values have also been derived from modelling of leakage (both from other studies and in
this project; Chapter 4) depending on the specific scenario and the input parameters.

From the scenarios modelled in Chapter 4 a number of observations can be drawn which are
pertinent to monitoring. Initial pressure conditions in the reservoir are likely to have a bearing on
monitoring strategy. Reservoirs which are under-pressured initially are the least likely to leak
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significant amounts of CO, via any pathway until pressures build up towards hydrostatic.
Nevertheless, pressure changes in shallow, overlying aquifers do suggest that monitoring of
pressure in these zones would be an appropriate monitoring technique. The generic flow
simulations (Chapter 4) indicate pressure increases of around 30 KPa up to 3 km from a
hypothetical leaking fault, and more for a leaking well. This would be readily detectable with
current downhole pressure measurement tools, which are capable of detecting pressure changes
far smaller than this. An important issue is the fact the modelled scenarios indicated a wide range
of breakthrough times for free and dissolved CO, at different locations. In some cases this did
not occur for hundreds of years, which would almost certainly fall outside the time envelope
being considered for monitoring under developing regulations (Chapter 2).

Detection of seabed leakage of CO, is likely to require a combination of methods. 3-D
surveillance techniques, such as multibeam echo sounding, are necessary to ensure rapid
coverage of large areas. They may need to be repeated at regular intervals, depending on the
licence conditions and certainly should be deployed if deeper-focussed methods suggest that
leakage may be occurring. Ship-borne measurement of CO,, pH and related parameters, near to
the seabed, can only provide 2-D coverage. However, they could detect gas escape under
circumstances where there is no discernible effect on seabed topography and where bubble
streams are of too low a density to be picked up by sonar techniques. Point measurements of
CO; and other parameters are needed to establish that the gas emissions are indeed CO,. More
detailed follow-up analysis may then be necessary to confirm that the CO, has come from the
storage site. This could entail the use of isotopes or tracers. Continuous monitoring at key sites
(e.g. wells, faults and environmentally sensitive areas) would help to ensure that transient
emissions are not missed — flux rates can vary over time, with discrete pulses of gas being
possible.

5.5.3 Quantification

In the event of leakage, robust, defensible quantification of CO, leaks will be required to satisfy
the ETS requirements. This will require techniques to be used in combination as outlined above.
Accurate measurements of gas concentrations and flow rates would have to be made at leakage
localities. Some continuous sets of measurements would be needed to assess temporal variations.
These sets of measurements would then have to be integrated with the areal monitoring surveys
to produce an estimate of the total CO, emitted. Specific attention would have to be paid to
determination of errors, which is likely to be quite challenging but essential for the calculation of
carbon allowances to be surrendered.

5.5.4 Deep-focussed monitoring

Deep-focussed monitoring technologies do not measure surface leakage explicitly, so cannot
provide a direct indication of site emissions performance. However the ability to reliably detect
small fluxes of CO, migrating out of the primary storage reservoir can place a useful upper
bound on any consequent surface leakage, and, perhaps more importantly, can provide powerful
insights into current and future containment processes.

Adopting this approach, Chadwick et al. (2009) were able to show that the absence of detectable
migration out of the storage reservoir at Sleipner at the time of the 2002 time-lapse seismic
survey was consistent with a ‘leakage’ rate of less than 0.02 % per annum. The continued
absence of detectable migration out of the storage reservoir (as evidenced by the most recent
2008 survey) enables leakage rates to be constrained at even lower levels. Clearly, the longer that
migration out of the reservoir remains undetectable, the tighter the rates can be constrained. This
approach however does not take into account the possibility that several undetected smaller
amounts of CO, may be migrating from more than one point in the reservoir. On the plus side
detection of migration from the primary reservoir is an inherently conservative performance
measure, as this will generally significantly exceed any subsequent leakage, due to other trapping
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processes such as dissolution that operate on CO, as it migrates through the overburden towards
the surface.

5.6 DISCUSSION

Observation of natural and experimental emissions of CO, and modelling of credible scenarios
for leakage suggest a wide range of possible CO, concentrations and flux rates. For a given
amount of CO, leakage or emission it is very hard to arrive at definitive figures for the flux rates
that will result at the sea floor or the CO, concentrations in the seawater. It is possible to
envisage a wide range of values depending on the particular circumstances. This is borne out by
the modelling described in Chapter 4 where the amounts of CO, emitted were either negligible
(< 100 kg y™* for the well and one of the fault cases) or ran to thousands or tens of thousands of
tonnes per year. Observation from natural leakage sites suggests there is a tendency for CO, to
vent at specific locations over rather small areas (typically 1-100 m across for any given
individual vent). The CO, concentrations and fluxes at such sites are generally well above
background and can be measured readily by existing instruments. Detection capabilities of
individual tools are summarised in Appendix 4 (Volume 2).

Prior to reaching the seabed, it has been shown that the migration of relatively small amounts of
CO;, can be tracked in the subsurface using 3-D seismic, ranging from a few thousand tonnes at a
shallow storage reservoir (although more than this in deeper reservoirs) to hundreds of tonnes at
500 m depth, although detection may be more difficult along faults or distributed through low
permeability rocks and is likely to vary from site to site. However, there is a strong likelihood
that, using seismic and other deeply-focussed methods, it will be possible to detect the
movement of CO, in the subsurface and get early warning of leakage to shallow levels enabling
shallow-focussed monitoring to be targeted.

Deep focussed tools, such as seismic, are well established technologies with a proven track
record in CO, storage. Most invasive tools (downhole techniques) are also mature and generally
fit for purpose. However, more testing is required with CO, and there are some specific areas
with potential for development. These are examined in Chapters 6 and 7. Inaccessible abandoned
wells present a monitoring challenge, which is discussed further in subsequent chapters.
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6 Developing Technologies

6.1 EXECUTIVE SUMMARY

This chapter is a counterpart to Chapter 5 in that it presents gaps in monitoring technologies as
identified by service companies, R&D teams and those involved in CCS projects, and indicates
how such organisations see developments addressing these gaps.

Some sixty organisations were approached for their views. Most CO, monitoring is carried out
using existing tried-and-tested oil and gas field monitoring technologies, but there are some
methods or adaptations specific to CO, monitoring either available or in development.

Joint interpretation methods represent a gap, which is also a major focus of the oil and gas
industry for its reservoir monitoring, modelling and simulation programmes.

The lack of a strategy for dealing with abandoned wells was identified as an important gap. It
was felt that technologies existed to address the monitoring issues, but there were significant
risks in deployment (e.g. damage to a well completion during installation subsequently forming a
CO; migration pathway).

The gaps identified from discussions with third parties were then compared with, and cross-
referenced to, the gaps identified previously in Chapter 5. A full catalogue of gaps is presented in
Appendix 5 (Volume 2) under six themes: monitoring strategy; monitoring large areas with non-
invasive techniques; monitoring in and around wells; ETS or shallow monitoring; monitoring
injection at the well head; environmental impact assessment. Within each theme the gaps have
been prioritised according their importance for production-scale use of CCS.

This analysis allowed collation of an inventory of novel technologies. For each, we present a
summary of the developments identified followed by more detailed descriptions. These are
grouped according to the basis of the technology and the drivers for development. Descriptions
are cross-referenced to relevant material elsewhere in this report, mainly in Chapter 10. The
methods and developments included in the inventory can be summarised as:

Seismic methods: there is potential for permanent installations for example using Ocean Bottom
Cables (OBCs) and scope for multi-component data. Improvements are also foreseen in:
hardware (wireless, improved sensitivity, MEMS, optical sensors, continuous recording,
improved sources); processing (improved imaging, joint inversion); interpretation (data
assimilation, visualisation). Inversion of pressure and saturation are envisaged from AVO or
multi-component data. Improvements are also occurring in the resolution of sub-bottom
profiling.

High-resolution sea bottom imaging and bubble detection: forward-looking sonar
instruments, can survey over 100 m ahead of the survey ship, and downward looking systems
(e.g. sidescan sonar and multibeam echo sounding) can map seabed features with increasing
resolution and detect bubbles. However, most experience is with methane or water and not with
CO,. Development is needed to establish detection limits for bubble streams, whether bubble
composition can be determined and development of permanent detectors for critical locations
(e.g. near old wellbores).

Geophysical logs: this is a mature technology, but more experience with CO; is needed. New
concepts for well integrity logs include electro-chemical techniques. Integrity logs need more
testing to establish threshold values for detectable leakage in wellbores. Custom completions for
monitoring at different levels, such as the Westbay System, need further evaluation.

Downhole P/T: distributed temperature sensors seem to be a mature technology.

Chemical methods: developments are needed for downhole fluid chemistry and for new
sampling devices. Permanent downhole pH sensors are not yet available. Improved sampling
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devices and CO, detectors are under development. Microbial monitoring and developments in
biogeochemical methods are also occurring.

EM or resistivity based methods: testing joint inversion with seismics for CO,.

Gravimetry: developments in gravity gradiometry have not been considered for CO,. Borehole
applications have not yet been explored sufficiently.

Other techniques: ecosystem impacts are being examined in new European and UK projects,
including the use of a benthic chamber, and some microbiological developments have been made
by Statoil. No real development in tiltmeters is foreseen. New tracers are being tested. Drill cores
which maintain the pressure of seabed samples could potentially be used to sample shallow (up
to 500 m below seabed) sediments for CO,. The sound of CO, bubbles in the water could also
be detected at short range (up to 15 m) from a fixed monitoring position or a ROV, using
directional microphones. Noise logging in boreholes is experimental for CO,. Fixed underwater
cameras may have the potential to detect bubbles.

Each novel technology identified in the inventory has been assessed in terms of its maturity,
limitations and the improvements foreseen from current developments. Many developments are
incremental and the main need is for more testing with CO,. Shallow-focussed monitoring is, in
general, in need of more developmental effort than deep-focussed techniques.

6.2 INTRODUCTION

In Chapter 5 a gap analysis was carried out based on examples of monitoring found in the
literature and our knowledge of specific projects. This Chapter describes essentially a bottom-up
approach, where third parties have been contacted to give their opinion on current gaps in
monitoring technology and their view on developments to bridge those gaps. A full list of parties
approached, consisting of research groups, service companies and project leaders of ongoing
R&D / demonstration projects, is provided.

A compilation of all the gaps identified both in Chapter 5 and this Chapter is provided,
subdivided into different categories. The main conclusions from Chapter 5 with respect to gaps
in monitoring technologies were that deep monitoring methods can be considered relatively
mature, and adequate to meet requirements with incremental developments, but that technologies
for assessing and quantifying leakage require greater development and have not been addressed
sufficiently to date.

This analysis was generally supported by the approached parties. Additionally, gaps were
identified related to defining optimum monitoring strategies, the lifetime of permanent
(downhole) sensors and the unexploited potential of integrating various monitoring methods. The
latter is described in Chapter 7.

Finally a full overview of developments of different techniques is provided including an
assessment of the maturity, detection improvements and limitations.

6.3 INVENTORY OF NOVEL TECHNOLOGIES: