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Executive Summary, Conclusions and Recommendations

Executive Summary

Carbon dioxide capture and storage (CCS) is one option for mitigetimgspheric emissions
of carbon dioxide and thereby contributes in actions for stabilizatioratwiospheric
greenhouse gas concentrations. The Bellona Foundation is striving hteveacwide
implementation of carbon dioxide (GO capture and storage both in Norway and
internationally. Bellona considers CCS as the only viabigelacale option to close the gap
between energy production and demand in an environmentally sound waiy teaseiring
that climate changes and acidification of the oceans due tmssteCQ@ concentrations in
the atmosphere will be stabilised.

Carbon dioxide storage in geological formations has been in masiice early 1970s.
Information and experience gained from the injection and/or stavh@g, from a large
number of existing enhanced oil recovery (EOR) and acid gascpspjas well as from the
Sleipner, Weyburn and in Salah projects, indicate that it ishleas store CQ@in geological
formations as a COmitigation option. Industrial analogues, including underground natural
gas storage projects around the world and acid gas injectiorctgroprovide additional
indications that C® can be safely injected and stored at well-characterizedpeoerly
managed sites. Injection of G@ deep geological formations uses technologies that have
been developed for, and applied by, the oil and gas industry totineeeéeds of geological
storage. While there are differences between natural adatioms and engineered storage,
injecting CQ into deep geological formations at carefully selectedssitan store it
underground for long periods of time.

Saline formations (deep underground porous reservoir rocks saturateloradkish water or
brine), can be used for storage of L8t depths below about 800-1000 m, {@s a liquid-
like density that provides the potential for efficient utili@aatof underground storage space in
the pores of sedimentary rocks. Carbon dioxide can be trapped unaefgoy various
storage mechanisms, such as: trapping below an impermeablejiraprifiyer (caprock);
retention as an immobile phase trapped in the pore spaces stbthge formation; and/or
dissolved in then situ formation fluids. Additionally, it may be trapped by reactinighvthe
minerals in the storage formation and caprock to produce carbonateaini CQ becomes
less mobile over time as a result of multiple trapping mectmenigurther lowering the
prospect of leakage, which builds the confidence in geologicairige of carbon dioxide
storage.

Site characterization is a prerequisite to safe geologittahge of C@ Key goals for
geological CQ storage site characterization are to assess how mugltaChe stored at a
potential storage site and to demonstrate that the sitgpableaof meeting required storage
performance criteria. Site characterization requires tikeation of the wide variety of
geological data that are needed to achieve these goal$. dfiube data will necessarily be
site-specific. Most data will be integrated into geologicateis that will be used to simulate
and predict the performance of the site. Performance predufiarsite can be made using
models that are available to predict what happens whernsG@ected underground. Also, by
avoiding deteriorated wells or open fractures or faults, iege€@Q will be retained for very
long periods of time.



Monitoring is needed for a wide variety of purposes and monitoringadetcan potentially
be adapted from existing applications to meet the needs of gedlsgicage. Specifically, to
ensure and document the injection process, verify the quantity ofedj€Q that has been
stored by various mechanisms, demonstrate with appropriate moniecimgques that CO
remains contained in the intended storage formation(s). Thisrisntly the principal method
for assuring that the GQremains stored and that performance predictions can be derifie
Finally monitoring is required to detect leakage and provide @y warning of any seepage
or leakage that might require mitigating action and to assessonmental effects. Potential
risks to humans and ecosystems from geological storage mayfransdeaking injection
wells, abandoned wells, and leakage across faults and ineffectifining layers. Leakage of
CO, could potentially degrade the quality of groundwater, damage $wyahecarbon or
mineral resources, and have lethal effects on plants ansbdudnimals. Release of G®ack
into the atmosphere could also create local health and safetgrns. Avoiding or mitigating
these impacts will require careful site selection, effectegulatory oversight, an appropriate
monitoring programme that provides early warning that the staidégés not functioning as
anticipated and implementation of remediation methods to stoprdrot CGQ releases.
Methods to accomplish these are being developed and tested. Thegmp@s in our
knowledge, such as regional storage capacity estimates forpaasyof the world. Similarly,
better estimation of leakage rates, improved cost datgerbetervention and remediation
options, more pilot and demonstration projects and clarity on gkeei of long-term
stewardship all require consideration. Despite the factrtizae work is needed to improve
technologies and decrease uncertainty, there appear to be nooustabfe technical barriers
to an increased uptake of geological storage as an eéenttigation option.

Geological storage of CQs in practice today beneath the North Sea, where nearl\COMt
has been successfully injected annually in the Utsira formati@heipner since 1996. It is an
ideal CQ storage site typical of deep saline sedimentary formafidre site is well
characterized and the G@jection process was monitored using seismic methods and this

provided insights into the geometrical distribution of the igedCQ and provided increased
understanding of the CQnigration within the reservoir. Performance prediction of dite
shows that most of the G@ccumulates in one bubble under the cap seal of the formation

controlled by the topography of the cap seal only. In the long term (e&@) the phase
behaviour (solubility and density dependence of composition) will beddm controlling
fluid parameters at Sleipner. The solubility trapping has fieeteof eliminating the buoyant
forces that drive C®upwards and through time can lead to mineral trapping, whidieis t
most permanent and secure form of geological storage. Receliesstat Sleipner area
demonstrate further the geological security of carbon dioxide stamad) the monitoring tools
(Gravity and Seismic methods) strengthen verification of sgéetion of CQ in the Utsira
formation. Subsequent work in the following years is necessargititorce these findings
further that CQ storage is safe through monitoring and verification proceduresithdie
able to detect potential leaks.

Conclusions

The security of carbon dioxide storage in geological formatiortsaiitd foremost depends on
careful storage site selection followed by characterizatioth@fselected site in terms of
geology, hydrogeology, geochemistry and geomechanics (structurabgewnid deformation
in response to stress changes). The Utsira Formation ischeshcterized with respect to
porosity and permeability (good storage capacity and injectivitineralogy, bedding, depth,
pressure and temperature. It is a very large aquifer witick &nd extensive clay stone top



seal. Available geological information shows absence of miaconic events after the
deposition of the Utsira formation. This means that the gembgnvironment is tectonically
stable which implies that the site is suitable for carbon diostideage. Microseismic studies
suggest the injection of GGn sands of the Utsira Formation has not trigged any measurable
microseismicity. This further builds the confidence in gelaigsecurity of carbon dioxide
storage at Sleipner. Moreover, evidence from ten yearsierperof carbon dioxide storage
shows no leakages.

The Sleipner project is a commercial £iBjection project and proved that g@apture and
storage is a technically feasible and effective method feerdrouse mitigation. It further
demonstrates that GBtorage is both safe and has a low environmental impact. Magiier
needed for a wide variety of purposes. Specifically, to ensudedacument the injection
process, verify the quantity of injected £@at has been stored by various mechanisms,
demonstrate with appropriate monitoring techniques thai @@ains contained in the
intended storage formation(s). This is currently the prineipethod for assuring that the €O
remains stored and that performance predictions can bdederfinally monitoring is
required to detect leakage and provide an early warning of apggeer leakage that might
require mitigating action and to assess environmental eff@tts. work that has been
undertaken at Sleipner Gas Field has shown that the injecteda@e monitored within a
geological storage reservoir, using seismic surveying. @&echemical and reservoir
simulation work have laid the foundations to show how the &3 reacted and what its long
term fate in the reservoir will be. The results of tlreudations indicate that most of the CO

accumulates in a stack of accumulations under thin claydagterbedded in the sand unit
few years after the injection is turned off. The (ime spreads laterally on top of the brine

column and the migration is controlled by the interbedded thin elggrd within the sand
unit. In the long term (> 50 years) the phase behaviour (solubiiitydansity dependence of
composition) will become the controlling fluid parameters atp@kei. The solubility trapping
has the effect of eliminating the buoyant forces that dri@e @pwards and through time can
lead to mineral trapping, which is the most permanent andeséarm of geological storage.

The recent studies at Sleipner area reveal the integritheofcap rock (efficient sealing
capacity). The injected CGOwill potentially be trapped geochemically and the regional
groundwater flow having an effect on the distribution of,@@h the potential of pressure
build up as a result of COnjection is unlikely to occur. Monitoring techniques (both Time-
lapse Gravity and Seismic methods) proved to be key tools in umddirsy the whole-
reservoir performance. Overall, the recent studies apr&eiarea demonstrate further the
geological security of carbon dioxide storage and the monitoring strelsgthen verification
of safe injection of C@in the Utsira formation. Subsequent work in the following yésrs
necessary to reinforce these findings further that &@rage is safe through monitoring and
verification procedures that will be able to detect poteldaks.

Recommendations

Several CQ@ storage projects are now in operation and being carefully monitdcetbakage
of stored CQ out of the storage formations has been observed in any ofitfetprojects.
Although time is too short to enable direct empirical conclusior@itathe long-term
performance of geological storage, it is an indication thai €@ be safely injected and
stored at well characterized and properly managed sites. &iogiof existing projects in the
coming 10-20 years is crucial to the broader understanding of t@@sport, trapping
mechanisms and storage security and to predict long-duratianmparice. However, if leaks



occur, tools for monitoring possible local and regional environmentartés&zshould be in
place together with remediation measures. In this sectiomajereommendations which are
thought to contribute to better understanding of geological storagegimMih regard to
security and environmental safety. Also the measures neededtaiken in future are listed
below.

1) Storage capacity determination for large scale carbon dioxmage should be
determined as accurately as possible. The problem of heterggameitporosity
should be assessed carefully. Reaction of thewdth formation water and rocks may
result in reaction products that affect the porosity of the anckthe flow of solution
through the pores. This possibility has not been observed experimesallyts
possible effects are not quantified. It is important to asbese effects to get better
knowledge about the reservoir and migration patterns of theadj&xD.

2) During site characterization greatest emphasis are placeatieoreservoir and its
sealing horizons. However, the strata above the storage fonmatid caprock also
need to be assessed because if lB&ked it would migrate through them.

3) Geological storage projects will be selected and operatedtd akage. However,
in rare cases, leakage may occur and remediation measurde wieded, either to
stop the leak or to prevent human or ecosystem impact. Moreogeaydilability of
remediation options may provide an additional level of assurancee tputhlic that
geological storage can be safe and effective. Therefore amisopemediation
options must be identified in an event of a leakage saenari

4) The Utsira Formation is a very large aquifer with a ttdoki extensive claystone top
seal. The aquifer is, however, unconfined along its mardins.iinportant to assess
the time required for the migrating @@ reach at the margins of the aquifer.

5) To predict the migration of C(@ver a period of several thousand years a coarse grid

model was used due to computational constraints. However, gtetnzamay miss
narrow linear anomalies or patterns of linear features on thacsuttiat may reflect
deeper fault and fracture systems, which could become natigedtion pathways.
Future modelling should account such uncertainties.

6) During the SACS project (Best Practice Manual, 2004), the tHckbservation
boreholes and related samples made it impossible to monitor ditteetyeochemical
processes occurring within the Utsira at Sleipner. Also fiterdctions of COwith

borehole cement were not addressed in the study. Assessment isEhethshould be
a priority in future monitoring activities.

7) Evaluations on the risk of leakage through injection well, smad, stress release
events due to injection of G@nd their probabilities on the release of,GBould be a
priority. Moreover, quantification of the short-term and longrtedealth-Safety-
Environmental (HSE) risks, in this case the likelihood of iotpaon human and
marine life should be assessed.

8) Finally further research on the processes involved in both sealthghanigration of
CQ; in the underground and improved modelling tools is needed to predice futur
behaviour of a storage location. Modelling tools need to be imprawedigh
calibration on real life experiments. Demonstration under diffiergeological
conditions is also pointed as important both for improving the understabdt also
to prove to the public that storage are safe.



1 Introduction

1.1 Background

Carbon dioxide capture and storage (CCS) is one option for mitigathagpheric emissions
of carbon dioxide thereby contributes in actions for stabilizatioatrobspheric greenhouse
gas concentrations. The Bellona Foundation is striving to achvee implementation of
CO, capture and storage both in Norway and internationally. BellonadeweCQ capture
and storage as the only viable large scale option to cloggafhbetween energy production
and demand in an environmentally sound way, thereby ensuring thateclumatnges and
acidification of the oceans due to increased, €a@ncentrations in the atmosphere will be
stabilised. CCS has the potential to reduce overall mibigatosts and increase flexibility in
achieving greenhouse gas emission reductions. The widespread applafaCCS would
depend on technical maturity, costs, overall potential, diffusihti@nsfer of the technology
to developing countries and their capacity to apply the technol@mylatory aspects,
environmental issues and public perception.

The greenhouse gas (GHG) making the largest contribution to atmiasphessions from
human activities is carbon dioxide (©OIt is released by burning fossil fuels and biomass as
a fuel; from the burning, for example, of forests during landrateze; and by certain
industrial and resource extraction processes. Emissions p8 @O0 fossil fuel burning are
the dominant influence on the trends in atmospherig €@centration because according to
the International Energy Agency (IEA) 80 % of the global enemmnsemption is based on
coal, oil, and natural gas (IEA, 2005). Global average tempesand sea level are projected
to rise if appropriate measures are not taken. Due to Bexleamissions of GHG, the global
average temperature will increase by 1.4 to %®8from 1990 to 2100, according to The
Intergovernmental Panel on Climate Change (IPCC, 2001c). Theas® in global
temperature will have dramatic impacts on life on eatfhno action is taken, the sea level
will increase with up to one meter within 2100. One consequence¢ aneter rise in sea
level is that 40 % of Bangladesh will be under water. Qgffects of global warming include
increasing precipitation, increased frequency of extreme atdimevents, disrupting
ecosystems, and extinction of species (Wiliams, 2002). Steps di@tddten that aim in the
stabilization of greenhouse gas concentrations in the atmospteteval that would prevent
dangerous anthropogenic interference with the climate system.

Several technological options for reducing net,@@issions to the atmosphere exist (IPCC,
2005). These include energy efficiency improvements, the switdess carbon-intensive
fuels, nuclear power, renewable energy sources, enhancenigoibgical sinks, reduction of
non-carbon dioxide greenhouse gas emissions and capture and storchébcally or
physically. A variety of factors will need to be taken into@mt in any comparisons of these
mitigation options. The factors include the potential of eachowopto deliver emission
reductions, the national resources available, the accegsibilieach technology for the
country concerned, national commitments to reduce emissions, thabdity of finance,
public acceptance, likely infrastructural changes, enviroramhesitle-effects, etc. (IPCC,
2005). The IPCC (2001a) found that improvements in energy efficieaoy the potential to
reduce global C®emissions by 30% using existing technologies. However, on their own
efficiency gains are unlikely to be sufficient, or economicd#igsible, to achieve deep



reductions in emissions of GHGs (IPCC, 2001a). Wider use of réateewaergy sources was
also found to have substantial potential. Nonetheless, many oétlesvable sources face
constraints related to cost, intermittency of supply, land use#yed environmental impacts
(IPCC, 2005). Carbon dioxide capture and storage can be a good optiosebécean be
implemented on a larger scale and has also the potentiaityafjpa deep emission reduction.
The Bellona Foundation believes that actions have to be taken now inmel®id dramatic
future climate changes. There is a need for short-termegieat for ensuring energy
production with the lowest GHG emissions possible, and the lbrestgt is to establish
carbon capture sequestration (Stangelandl, 2006). Energy production from fossil fuel
power plants combined with Gandling including C@capture, transport and safe storage
will minimize GHG emissions.

There are three main components of the CCS process: captuipgf@ example by
separating it from the flue gas stream of a fuel combustystem and compressing it to a
high pressure; transporting it to the storage site; and stibri@g, storage will need to be
done in quantities of gig tonnes of €@er year to make a significant contribution to the
mitigation of climate change. Globally there is a potentigl240 billion ton CQ to be
captured and stored by 2050 (Stangeland, 2006). This corresponds to ae@udcion in
global CQ emissions in 2050 compared to emissions today. Several typesagjesteservoir
may provide storage capacities of this magnitude. In sosescthe injection of CQOnto oil
and gas fields could lead to the enhanced production of hydrocarbonk, wdutd help to
offset the cost due to the increased income from the incrgasetict. CQ capture
technology could be applied to fossil-fuelled power plants and &g industrial sources
of emissions; it could also be applied in the manufacture of hydragyam &nergy carrier.
Most stages of the CCS process build on known technology develmpetthér purposes.

There are many factors that must be considered when decidingaiéa@Q capture and
storage could play in mitigating climate change. Theseudeclthe cost and capacity of
emission reduction relative to, or in combination with other optionis asa@nergy efficiency
improvements, the switch to less carbon-intensive fuels, nuplaaer, renewable energy
sources, enhancement of biological sinks or reduction of non-carbodeligrséenhouse gas
emissions; the resulting increase in demand for primary gnsogrces; the range of
applicability; and the technical risk. Other important factoesthe social and environmental
consequences, the safety of the technology, the security afjstand ease of monitoring and
verification, and the extent of opportunities to transfer thenelogy to developing countries.
Many of these features are interlinked. Some aspects are amoe@able to rigorous
evaluation than others. For example, the literature about thetadoaspects of this new
mitigation option is limited. Public attitudes, which are iefliged by many factors, including
how judgements are made about the technology, will also exertpamtant influence on its
application. Of all these aspects, the security of the stp@gsessment of monitoring and
verification techniques, and environmental considerations aradhetopics discussed in this
report. The report analyzes the current state of knowledge dimstientific and technical
dimensions of CCS option with emphasis on geological storage, tyegnd environmental
impacts. This report reviews literature published on geologitehge of carbon dioxide in
deep saline aquifers with emphasis on the Sleipner Gdpfigect in Norway.



1.2 Properties of CO2 and Health Effects

Carbon dioxide is a chemical compound of two elements, carbon andnoxydhe ratio of
one to two; its molecular formula is GQAt is present in the atmosphere in small quantities
(370 ppmv) and plays a vital role in the Earth’s environment asessary ingredient in the
life cycle of plants and animals. During photosynthesis plantsndate CQ and release
oxygen. Anthropogenic activities which cause the emission ofi@@ude the combustion of
fossil fuels and other carbon containing materials, the fermentafi organic compounds
such as sugar and the breathing of humans. Natural sources,pfinCldding volcanic
activity, dominate the Earth’'s carbon cycle. £@as has a slightly irritating odour, is
colourless and is denser than air. At normal temperature and presatnon dioxide is a gas.
The physical state of GQrvaries with temperature and pressure as shown in Figureata
low temperatures CQs a solid; on warming, if the pressure is below 5.1 bar, dhe will
sublime directly into the vapour state. At intermediate teatpegs (between 56%, the
temperature of the triple point, and 3@} the critical point), C@may be turned from a
vapour into a liquid by compressing it to the corresponding liquefagiressure (and
removing the heat produced). At temperatures higher thafiC3{ifithe pressure is greater
than 73.9 bar, the pressure at the critical point); 8®aid to be in a supercritical state where
it behaves as a gas; indeed under high pressure, the dendity ghd can be very large,
approaching or even exceeding the density of liquid water (aésd-igeire 1b). This is an
important aspect of C{ behaviour and is particularly relevant for its storageariragqueous
solution CQforms carbonic acid, which is too unstable to be easily isolatezi solubility of
CO; in water decreases with increasing temperature and incre@bescreasing pressure.
The solubility of CQ in water also decreases with increasing water salinit

As a normal constituent of the atmosphere, where it is prestw concentrations (currently
370 ppmv or 0.037%), CQs considered harmless. €8 non-flammable. As it is 1.5 times
denser than air at normal temperature and pressure, therbewdlltendency for any GO
leaking from pipe work or storage to collect in hollows and otherljavg confined spaces
which could create hazardous situations. The hazardous nature oflédhse of CQis
enhanced because the gas is colourless, tasteless and &élgeonasidered odourless unless
present in high concentrations. When contained under pressure, esc&pPgecan present
serious hazards, for example asphyxiation, noise level (duringupeesslief), frostbite,
hydrates/ice plugs and high pressures (Jaetedll, 2002). The handling and processing of
CO2 must be taken into account during the preparation of a hsalédty and environment
plan for any facility handling CO2.

Most people with normal cardiovascular, pulmonary-respiratory and ogigal functions
can tolerate exposure of up to 0.5 1.5% £fOr one to several hours without harm. Higher
concentrations or exposures of longer duration are hazardous - eitheduning the
concentration of oxygen in the air to below the 16% level requirsdgiain human life, or by
entering the body, especially the bloodstream, and/or alteringntioeird of air taken in
during breathing; such physiological effects can occur faster tlmeftects resulting from
the displacement of oxygen, depending on the concentration pfLO@ger exposure, even
to less than 1% concentration, may significantly affeeitheNoticeable effects occur above
this level, particularly changes in respiration and blpbidlevel that can lead to increased
heart rate, discomfort, nausea and unconsciousness.



Carbon dioxide: Temperature - pressure diagram
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Acute exposure to C{concentrations at or above 3% may significantly affect therheél

the general population. Hearing loss and visual disturbances doove 8% CQ. Signs of
asphyxia will be noted when atmospheric oxygen concentration falls béke¥s.
Unconsciousness, leading to death, will occur when the atmospixggen concentration is
reduced to 8% although, if strenuous exertion is being undertaken, this can atchigher
oxygen concentrations (Rice, 2004). £&ts as an asphyxiant in the range 7 10% and can
be fatal at this concentration; at concentrations above 20%, deatlwccur in 20 to 30
minutes (Fleminget al, 1992). Health risks to the population could therefore occur if a
release of C@were to produce:

relatively low ambient concentrations of gfor prolonged periods;
or intermediate concentrations of €@ relatively anoxic environments;
or high concentrations of GO

1.3 Sources of CQ

The main source of anthropogenic carbon dioxide j@mission is the combustion of fossil
fuels. Other sources are combustion of biomass-based fuelstamndedustrial processes,
such as the production of hydrogen, ammonia, iron and steel, ortce®iewlies show that
the power and industry sectors combined dominate current globa¢i@iSsions, accounting
for about 60% of total COemissions (IEA, 2003). The G@missions in these sectors are
generated by boilers and furnaces burning fossil fuels and gicalty emitted from large
exhaust stacks. Typical examples are large industrial coegpléke power plants and
refineries with multiple exhaust stacks. These stacks catleberibed as large stationary
sources, to distinguish them from mobile sources such as those timbport sector and
from smaller stationary sources such as small heating bagersin the residential sector.

1.4 CO, Capture and Storage

Carbon dioxide (Cg) capture and storage (CCS) is a process consisting of theasep of
CO, from large industrial and energy-related sources, transparstorage location and long-
term isolation from the atmosphere. Capturing,@®olves separating the G@&rom some
other gases such as for example, in the flue gas streampafex plant, the other gases are
mainly nitrogen and water vapour. The £ust then be transported to a storage site where it
will be stored away from the atmosphere for a very long tiIP€, 2001a). In order to have
a significant effect on atmospheric concentrations of, G@rage reservoirs would have to be
large relative to annual emissions. Available storages diave large capacity compared to
emitted volumes. The large stationary sources represent pbteppartunities for the
addition of CQ capture plants. The volumes produced from these sources aiby Ustge
and the plants can be equipped with a capture plant to produce a gcigtepurity CQ for
subsequent storage. Of course, not all power generation and indsigsé$aproduce their
emissions from a single point source. At large industrial carepléike refineries there will
be multiple exhaust stacks, which present an additional techrhiedlerege in terms of
integrating an exhaust-gas gathering system in an alreadystedgeomplex, undoubtedly
adding to capture costs (Simmoredsal, 2003).

11



1.5 Context for CO, capture and Storage

CO, emissions continued an upward trend in the early years of theePtury. Fossil fuels
are the dominant form of energy utilized in the world (86%), arwbunt for about 75% of
current anthropogenic G@missions (IPCC, 2001c). In 2002, 149 Exajoules (EJ) of oil, 91
EJ of natural gas, and 101 EJ of coal were consumed globally 2EX,). Global primary
energy consumption grew at an average rate of 1.4% annuallydre®®80 and 1995; and
1.6% per year between 1995 and 2001. The growth rates by seajorearén Table-1.

Average global C@emissions increased by 1.0% per year between 1990 and 1995 and 1.4%
between 1995 and 2001 a rate slightly below that of energy consumption ipebimttts. In
individual sectors, there was no increase in emissions from igchetiveen 1990 and 1995;
there was an increase of emissions in other sectors excepe iagricultural/other sector
where a fall of emission was noted (Table-1).

Total emissions from fossil fuel consumption and flaring of étgas were 24 GtCQper
year (6.6 GtC per year) in 2001 — industrialized countries wesgonsible for 47% of
energy-related C® emissions (not including international bunkers). The Economies in
Transitiort accounted for 13% of 2001 emissions; emissions from those countriedéan
declining at an annual rate of 3.3% per year since 1990. @wugl countries in the Asia-
Pacific region emitted 25% of the global total of £@e rest of the developing countries
accounted for 13% of the total (IEA, 2003).

Table-1: Global energy consumption growth ratesaretage global COemissiondy sectors (IEA, 2003).

Sector Global energy consumption growth Average Global C@emissions
rate % %

1990-1995 | 1995-2001 1990-1995 | 1995-2001
Industrial 0.3 0.9 0.0 0.9
sector
Transportation 2.1 2.2 1.7 2.0
sector
Building sector 2.7 2.1 2.3 2.0
Agricultural -2.4 -0.8 -2.8 -1.0
and other
sectors

1.6 Potential for reducing CO, Emissions

It has been determined (IPCC, 2001a) that the worldwide potdntiaGHG emission
reduction by the use of technological options amounts to between 6,95Ga8dRCO per
year (1,900 to 2,600 MtC per year) by 2010, equivalent to about 25 to 4Q0§lolul
emissions respectively. The potential rises to 13,200 to 18,50DMper year (3,600 to
5,050 MtC per year) by 2020. The evidence on which these estimatbasad is extensive
but has several limitations: for instance, the data used ctrorasthe 1990s and additional
new technologies have since emerged. In addition, no comprehensivivideristudy of
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technological and economic potential has yet been performed; regimmhaational studies
have generally had different scopes and made different assas@bout key parameters
(IPCC, 2001a). Globally, a 37 % reduction in £énissions by mid century compared to
emissions today can be achieved. The accumulatedc@@ured and stored globally can
reach up to 240 billion ton Gy 2050 (Stangeland, 2006).

IPCC’s Third Assessment Report (IPCC, 2001b) found that the optiomethrcing
emissions with most potential in the short term (up to 2020) warmy\erefficiency
improvement while the near-term potential for C&pture and storage was considered
modest, amounting from 73 to 183 Mte@er year (20 to 50 MtC per year) from coal and
a similar amount from natural gas (see IPCC 2001a, Tablg.T®.Ineet IPCC'’s target on
50-80 % CQ emission reduction by 2050, a combination of increasing energyeatfic
switching from fossil fuel to renewable energy sourcesvédd implementation of CCS is
necessary (Stangeland, 2006). Nevertheless, faced with the-tengeclimate challenge
described above, and in view of the growing interest in thismpt has become important
to analyze the potential of this technology in more depth.

As a result of the 2002 IPCC workshop on G@pture and storage (IPCC, 2002), it is now
recognized that the amount of €@missions which could potentially be captured and stored
may be higher than the value given in the Third Assessment REPBR,(2005). Indeed, the
emissions reduction may be very significant compared with ahees quoted above for the
period after 2020. Wider use of this option may tend to restecbfportunity to use other
energy supply options. Nevertheless, such action might stilltean increase in emissions
abatement because much of the potential estimated previoB€IZ(I2001a) was from the
application of measures concerned with end uses of energy. Sonwatmmi of CCS cost
relatively little (for example, storage of G&rom gas processing as in the Sleipner project
(Baklid et al, 1996)) and this could allow them to be used at a relatively date. Certain
large industrial sources could present interesting low-cost oppa@tufot CCS, especially if
combined with storage opportunities which generate compensating revamieas CQ
Enhanced Oil Recovery (EOR) (IEA GHG, 2002).

1.7 Layout of the Report

This report is organized into eight chapters. Brief introductiah Wwackground information
about the grounds on carbon dioxide ¢€€@apture and storage including the properties and
health effects and sources of £&% well as the context for capture and storage together with
the potential for reducing atmospheric emissions is highlightedisnchapter. Chapter 2
gives detail on the geological framework for £€&orage. In this chapter, the historical
perspectives of geological storage of £@eological formations in general and the
requirements in deep saline formations in particular with currehfwture geological storage
projects are highlighted. Chapter 3 examines the geologmalget mechanisms and storage
security. Injection of C@ into the pore space and fractures of a permeable geological
formation can displace tha situ fluid or the CQ may dissolve in or mix with the fluid or
react with the mineral grains or there may be some connunat these processes. This
chapter examines these processes and their influence on gedokigrege of CQ Site
characterization and performance prediction are the topicsezbireChapter 4.

*Economy in transition is an economy which is chagdrom a planned economy to a free market.
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Key goals for geological C{storage site characterization are to assess how mughad®e
stored at a potential storage site and to demonstratdéhsite is capable of meeting required
storage performance criteria. Site characterization megjthe collection of the wide variety
of geological data that are needed to achieve these gaatt &f the data will necessarily be
site-specific. Most data will be integrated into geologicalleis that will be used to simulate
and predict the performance of the site. These and relsdads are considered in chapter
four in this report.

Chapter 5, details the monitoring and verification aspects @odogical CQ storage site.
What actually happens to G the subsurface and how do we know what is happening? In
other words, can we monitor G@nce it is injected? What techniques are available for
monitoring whether CQis leaking out of the storage formation and how sensitiveéhane?

Can we verify that C@is safely and effectively stored underground? How long is momgfori
needed? These questions are addressed in Chapter 5 of the Ripkrtassessment,
management and remediation of geological GOrage are discussed in Chapter 6. What are
the risks of storing C®in deep geological formations? Can a geological storage site be
operated safely? What are the safety concerns and environnmeptalt if a storage site
leaks? Can a COstorage site be fixed if something does go wrong? Theseiansesire
addressed in this chapter. After reviewing the currerg staknowledge, the existing gaps in
knowledge are also outlined.

The existing gaps in knowledge on the geological storage ehféQletailed in Chapter 7. In
Chapter 8 a case study from the Sleipner Gas field in Norsvgyesented. Background
studies, geological suitability of the deep saline aquifer cadimtide storage and the tasks
accomplished during the two phases of the Saline Aquifer Carbord€iStdrage (SACS1/2)

projects are detailed. Summary of recent studies at Stiefivee geological security and
environmental issues are also discussed in this chapterlyFitmese are followed by the

conclusions drawn and the recommendations made from the study.
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2 Geological Framework

2.1 Historical perspectives

Geological storage of GOprovide a way to avoid emitting GOnto the atmosphere, by
capturing CQ from major stationary sources, transporting it usually by pipelimeinjecting

it into suitable deep rock formations. The subsurface is thd’'Edargest carbon reservoir,
where the vast majority of the world’s carbon is held insaail, gas organic-rich shales and
carbonate rocks. Geological storage of,C@fas been a natural process in the Earth’s upper
crust for hundreds of millions of years. Carbon dioxide derived foamiogical activity,
igneous activity and chemical reactions between rocks and fluidsnatates in the natural
subsurface environment as carbonate minerals, in solution or ise@ugaor supercritical
form, either as a gas mixture or as pureCO

The engineered injection of G@to subsurface geological formations was first undertaken in
Texas, USA, in the early 1970s, as part of enhanced oil recd®)(projects and has been
ongoing there and at many other locations ever since. Geologicatistof anthropogenic
CO; as a greenhouse gas mitigation option was first proposed in the b870#le research
was done until the early 1990s, when the idea gained credibilipgughrthe work of
individuals and research groups (Marchetti, 1977; Baed, 1980; Kaarstad, 1992; Koidd

al., 1992; van der Meer, 1992; Gunsdral, 1993; Holloway and Savage, 1993; Baehal,
1994; Korbol and Kaddour, 1994). The subsurface disposal of acid gas (adogipof
petroleum production with a G@ontent of up to 98%) in the Alberta Basin of Canada and in
the United States provides additional useful experience. In 18®6ydrld’s first large-scale
storage project was initiated by Statoil and its partnerseaSteipner Gas Field in the North
Sea.

By the late 1990s, a number of publicly and privately funded r@sgqamogrammes were
under way in the United States, Canada, Japan, Europe and idudtnabughout this time,
though less publicly, a number of oil companies became incréasmerested in geological
storage as a mitigation option, particularly for gas figlith a high natural C®content such
as Natuna in Indonesia, In Salah in Algeria and Gorgon in Austidiiae recently, coal
mining companies and electricity-generation companies havedstarievestigate geological
storage as a mitigation option of relevance to their ingustr

In a little over a decade, geological storage of,®@s grown from a concept of limited
interest to one that is quite widely regarded as a potentimafigritant mitigation option. There
are several reasons for this. First, as research has ggedrand as demonstration and
commercial projects has been successfully undertaken, te¢ ¢& confidence in the
technology has increased. Second, there is consensus that a bitaltb pair mitigation
options is needed. Third, geological storage (in conjunction with &@@ture) could help to
make deep cuts to atmospheric Lnissions. However, if that potential is to be realitieel,
technique must be safe, environmentally sustainable, costiedfemtd capable of being
broadly applied.
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2.2 Geological formations

Geological storage of COcan be undertaken in a variety of geological settings in
sedimentary basins. Within these basins, oil fields, depletedigjds, deep coal seams and
saline formations are all possible storage formations (Fgur8ubsurface geological storage
is possible both onshore and offshore, with offshore sites accessedhimipelines from the
shore or from offshore platforms. The continental shelf (Eif)rand some adjacent deep-
marine sedimentary basins are potential offshore storage mitethe majority of sediments
of the abyssal deep ocean floor (extreme right in Figuree3{oarthin and impermeable to be
suitable for geological storage (Cook and Carleton, 2000). In additiostdrage in
sedimentary formations, some other geological formations whighseive as storage sites
include caverns, basalt and organic-rich shales. In this stugiasis is given to deep saline
aquifer formations (Section 2.2.2). Readers are referred tilsden other geological
formations in IPCC, 2005 report.

Geolegicol Storoge Options for CO, — Broduced oll or gas
1 Depleted oll and gas TeEENGTE Injectad GO
2 Use of CO, in enhanced ol recovery IR Gioed OO,
1 Desp unused sakine waler-saturated resenyoir rocka : 5
4
5

Deap unmineable coal seams
Uese WCD? in gnhanced cozd bad methane TECOETY
g Other suggestad oplions (basaits, ol shales, canbas)

Figure 2: Options for storing C®in deep underground geological formations (afteokC1999, source IPCC
2005).

Continental Shelf
Continental Slope

Figure 3: Block diagram showing ocean regions: ocean, cental margin and rise
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2.2.1 General requirements

There are many sedimentary regions in the world (Figure 4) varisuged for CQ storage.
In general, geological storage sites should have:

(1) Adequate capacity and injectivity,

(2) A satisfactory sealing caprock or confining unit and

(3) A sufficiently stable geological environment to avoid comprorgishe integrity of the
storage site.

Criteria for assessing basin suitability (Bachu, 2000, 200sj®rawet al, 2002) include:

basin characteristics (tectonic activity, sediment typethggmal and hydrodynamic
regimes)

basin resources (hydrocarbons, coal, salt)

industry maturity and infrastructure; and

societal issues such as level of development, economy, envirairoemnterns, public
education and attitudes.

The suitability of sedimentary basins for £€orage depends in part on their location on the
continental plate. Basins formed in mid-continent locations or tiea edge of stable
continental plates, are excellent targets for long-term €@age because of their stability
and structure. Such basins are found within most continents and aheuAdlantic, Arctic
and Indian Oceans. The storage potential of basins found behind modiotaied by plate
collision is likely to be good and these include the Rocky Mountain, Apipiala and Andean
basins in the Americas, European basins immediately north oflfseadd Carpathians and
west of the Urals and those located south of the Zagrosliamalayas in Asia.

Basins located in tectonically active areas, such asthosund the Pacific Ocean or the
northern Mediterranean may be less suitable fog &0rage and sites in these regions must
be selected carefully because of the potential foy l€&kage (Chiodingt al, 2001; Granieri

et al, 2003). Basins located on the edges of plates where subductirursirg or between
active mountain ranges, are likely to be strongly folded and faaitddgprovide less certainty
for storage. However, basins must be assessed on an individisalHmsexample, the Los
Angeles Basin and Sacramento Valley in California, wherenifgignt hydrocarbon
accumulations have been found, have demonstrated good local stapsggty. Poor CO
storage potential is likely to be exhibited by basins that

(1) are thin (12000 m)

(2) have poor reservoir and seal relationships
(3) are highly faulted and fractured

(4) are within fold belts

(5) have strongly discordant sequences

(6) have undergone significant diagenesis

(7) have over pressured reservoirs.
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Figure 4: Distribution of sedimentary basins around the wdalider Bradshaw and Dance, 2005; and USGS,
2001a). In general, sedimentary basins are lileelyetthe most prospective areas for storage sitesever,
storage sites may also be found in some areaddbédts and in some of the highs. Shield areastttaie
regions with low prospectivity for storage.

Adequate porosity and thickness (for storage capacity) and perityeébil injectivity) are
critical; porosity usually decreases with depth because opaciion and cementation, which
reduces storage capacity and efficiency. The storage fiometiould be capped by extensive
confining units (such as shale, salt or anhydrite beds) to enstir€é @ does not escape into
overlying, shallower rock units and ultimately to the surfacetemsively faulted and
fractured sedimentary basins or parts thereof, particuladgismically active areas, require
careful characterization to be good candidates foy €@rage, unless the faults and fractures
are sealed and G@njection will not open them (Holloway, 1997; Zarleragaal, 2004).

The pressure and flow regimes of formation waters in a sedirgelbéasin are important
factors in selecting sites for GGstorage (Bachwet al, 1994). Injection of C@ into
formations over pressured by compaction and/or hydrocarbon generationraisay
technological and safety issues that make them unsuitable. Presured formations in
basins located mid-continent, near the edge of stable contiméata or behind mountains
formed by plate collision may be well suited for £€dorage. Storage of G@n deep saline
formations with fluids having long residence times (millions ofrgeas conducive to
hydrodynamic and mineral trapping.

The possible presence of fossil fuels and the exploration and productantynof a basin
are additional considerations for selection of storage @ashu, 2000). Basins with little
exploration for hydrocarbons may be uncertain targets for €€&rage because of limited
availability of geological information or potential for contamioat by CQ of as-yet-
undiscovered hydrocarbon resources.

18



Mature sedimentary basins may be prime targets fordtifdage because:

(1) they have well-known characteristics

(2) hydrocarbon pools and/or coal beds have been discovered and gdroduce

(3) some petroleum reservoirs might be already depletedngetapletion or abandoned as
uneconomic

(4) the infrastructure needed for €ttansport and injection may already be in place.

The presence of wells penetrating the subsurface in matureesgdign basins can create
potential CQ leakage pathways that may compromise the security ofagst site (Celia and
Bachu, 2003). Nevertheless, at Weyburn, despite the presentangfhundreds of existing
wells, after four years of CQnjection there has been no measurable leakage (Stratt
2003).

2.2.2 Saline formations

Saline formations are deep sedimentary rocks saturated witation waters or brines
containing high concentrations of dissolved salts. These formasimsvidespread and
contain enormous quantities of water, but are unsuitable for agreulbur human
consumption. Saline brines are used locally by the chemical igcarstrformation waters of
varying salinity are used in health spas and for producing lolahyt geothermal energy.
Because the use of geothermal energy is likely to incrpasemtial geothermal areas may not
be suitable for C@storage. It has been suggested that combined geologicagestand
geothermal energy may be feasible, but regions with good geathernargy potential are
generally less favourable for G@eological storage because of the high degree of faulting
and fracturing and the sharp increase of temperature with deptlery arid regions, deep
saline formations may be considered for future water desdlonza he Sleipner Project in
the North Sea is the best available example of ast@age project in a saline formation and
details are presented in Chapter 8. The saline water frortgiea formation is used for
water injection in deeper reservoirs.

2.3 Geological storage

To geologically store C§ it must first be compressed, usually to a dense flai $tnhown as
‘supercritical’.  Supercritical means at a temperature andspre above the critical
temperature and pressure of the substance concerned (carbon detxiee)peratures higher
than 31.2C and the pressure is greater than 73.9 bar). The cptiaat represents the highest
temperature and pressure at which the substance can exstvapour and liquid in
equilibrium. Depending on the rate that temperature increasiesdepth (the geothermal
gradient), the density of GQwill increase with depth, until at about 800 m or greater, the
injected CQ will be in a dense supercritical state (Figure 5).

The efficiency of CQ@ storage in geological media, defined as the amount gfsided per
unit volume (Brennan and Burruss, 2003), increases with increasingd@®@ity. Storage
safety also increases with increasing density, because buoyahigh drives upward
migration, is stronger for a lighter fluid. Density increasignificantly with depth while GO
is in gaseous phase, increases only slightly or levebfteff passing from the gaseous phase
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Figure 5: Variation of CQ density with depth, assuming hydrostatic presaucka geothermal gradient of 25°C
km-1 from 15°C at the surface (based on the demitp of Anguset al, 1973). Carbon dioxide density
increases rapidly at approximately 800 m depth,nithe CQ reaches a supercritical state. Cubes represent the
relative volume occupied by the @@nd down to 800 m; this volume can be seen to dgiaally decrease with
depth. At depths below 1.5 km, the density andifipamlume become nearly constant.

into the dense phase and may even decrease with a furthesmanedepth, depending on the
temperature gradient (Ennis-King and Paterson, 2001; Bachu, 20Q8) $&dimentary
basins, characterized by low temperature gradients, are raeoeréble for C@ storage
(Bachu, 2003) because ¢@ttains higher density at shallower depths (700—1000 m) than i
‘warm’ sedimentary basins, characterized by high temperamadients where dense-fluid
conditions are reached at greater depths (1000-1500 m). The depth tofadlge $ormation
(leading to increased drilling and compression costs for deeperafions) may also
influence the selection of storage sites.

=

Depending on the type of the geological formations, geologicalggasacommonly limited
by a number of determining factors. The most common in abandoned oiharittlgs and
saline formations is the capacity of a reservoir will b@ted by the need to avoid exceeding
pressures that damage the caprock. Reservoirs should hiéted E@nsitivity to reductions in
permeability caused by plugging of the near-injector region and bgrvar stress
fluctuations (Kovscek, 2002; Bossie-Codreastual, 2002). Storage in reservoirs at depths
less than approximately 800 m may be technically and economieajbfe, but the low
storage capacity of shallow reservoirs, where, @GRay be in the gas phase, could be
problematic.

Reservoir heterogeneity also affects {XMorage efficiency. The density difference between
the lighter CQ and the reservoir oil and/or saline water leads to movemehedZQ along

the top of the reservoir, particularly if the reservsirelatively homogeneous and has high
permeability, negatively affecting the @Gtorage and oil recovery. Consequently, reservoir
heterogeneity may have a positive effect, slowing down theofigeO, to the top of the
reservoir and forcing it to spread laterally, giving more plete invasion of the formation
and greater storage potential (Bondor, 1992; Kovscek, 2002gFEktt 2005).

Basins suitable for C£storage have characteristics such as thick accumulatiGesiiohents,
permeable rock formations saturated with saline water ésedimations), extensive covers of
low porosity rocks (acting as seals) and structural simpliltitg.also important to know how
securely and for how long stored £€®ill be retained — for decades, centuries, millennia or
for geological time? To assure public safety, storage sitest be designed and operated to
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minimize the possibility of leakage. Consequently, potentiakalga pathways must be
identified and procedures must be established, to set approprsi{m: dend operational
standards as well as monitoring, measurement and verifigagoirements.

2.3.1 Effects of impurities

The presence of impurities in the €@as stream affects the engineering processes of capture,
transport and injection, as well as the trapping mechanismsagatity for CQ storage in
geological media. Some contaminants in the, Gtkeam (e.g., SO NGO, H,S) may require
classification as hazardous, imposing different requirenfenigjection and disposal than if

the stream were pure (Bergmahal, 1997). Gas impurities in the GQtream affect the
compressibility of the injected G@and hence the volume needed for storing a given amount)
and reduce the capacity for storage in free phase, becausesbbtage space taken by these
gases.

Additionally, depending on the type of geological storage, the mpresef impurities may
have some other specific effects. In the case of &Qrage in deep saline formations, the
presence of gas impurities affects the rate and amount p§6fage through dissolution and
precipitation. Additionally, leaching of heavy metals frdm minerals in the rock matrix by
SO, or O, contaminants is possible. Experience to date with acid gasiomjgSection 3.4.2)
suggests that the effect of impurities is not significatioalgh Knauset al. (2005) suggest
that SQ injection with CQ produces substantially different chemical, mobilization and
mineral reactions. Clarity is needed about the range of gas cdimpsghat industry might
wish to store, other than pure €nhedenet al, 2005), because although there might be
environmental issues to address, there might be cost savings-storage of COand
contaminants.

2.3.2 Storage in deep saline formations

Saline formations occur in sedimentary basins throughout the world, bdtbrerend on the
continental shelves and are not limited to hydrocarbon provinces bbasias. However,
estimating the C@storage capacity of deep saline formations is presentlylemfa for the
following reasons:

There are multiple mechanisms for storage, including physiapping beneath low
permeability caprock (seal), dissolution and mineralization;

These mechanisms operate both simultaneously and on differergcies, such that
the time frame of C@storage affects the capacity estimate; volumetricageoris
important initially, but later C@dissolves and reacts with minerals;

Relations and interactions between these various mechanigmgegr complex,
evolve with time and are highly dependent on local conditions;

There is no single, consistent, broadly available methodologyedtimating CQ
storage capacity (various studies have used different methodsidhaot allow
comparison).

Only limited seismic and well data are normally availgidike data on oil and gas
reservoirs).
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Figure 6: Schematic showing the time evolution of various,G@rage mechanisms operating in deep saline
formations, during and after injection. Assessitigage capacity is complicated by the differenttiamd spatial
scales over which these processes occur (sourdg, IEI5).

To understand the difficulties in assessingG@rage capacity in deep saline formations, we
need to understand the interplay of the various trapping mechatismg the evolution of a
CO, plume (Section 3.2 and Figure 6). In addition, the storage cgpafcitieep saline
formations can be determined only on a case-by-case basis.

To date, most of the estimates of £€dorage capacity in deep saline formations focus on
physical trapping and/or dissolution. These estimates makearpéfging assumption that no
geochemical reactions take place concurrent with @f@ction, flow and dissolution. Some
recent work suggests that it can take several thousand yegenfdremical reactions to have

a significant impact (Xet al, 2003). More than 14 global assessments of capacity have been
made by using these types of approaches (IEA-GHG, 2004). The chmgtimates from
these studies is large (200-56,000 GiC@eflecting both the different assumptions used to
make these estimates and the uncertainty in the paramdtssof the estimates are in the
range of several hundred Gtonnes of ,C®lore detailed regional and local capacity
assessments are required to resolve this issue.

2.4 Existing and planned CG projects

A number of pilot and commercial G@torage projects are under way or proposed (Figure
7). To date, most actual or planned commercial projects sseciated with major gas
production facilities that have gas streams containingi@@e range of 10-15% by volume,
such as Sleipner in the North Sea, Snghvit in the Barents Sealalmin Algeria and Gorgon

in Australia (Figure 7), as well as the acid gas injecpasjects in Canada and the United
States. At the Sleipner Project, operated by Statoil, aboutt TDOyi(at injection rate of 1 Mt
CO, per year) has been injected into a deep subsea saline formatienl806 (Chapter 8).
The CQ content in the natural gas varies from 4 to 9.5 % and thecGQent has to be

reduced below 2,5% for export quality. Existing and planned storageeisrare also listed in
Table 2.
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Figure 7: Location of sites where activities relevant to Qfrage are planned or under way (IPCC, 2005).

At the In Salah Gas Field in Algeria, Sonatrack, BP andoibtaject CO, stripped from
natural gas into the gas reservoir outside the boundaries ghaghéeld. Statoil is planning
another project in the Barents Sea, where £@n the Snghvit field will be stripped from the
gas and injected into a geological formation below the gas f@lévron is proposing to
produce gas from the Gorgon field off Western Australia, comigiaipproximately 14%
CQO,. The CQ will be injected into the Dupuy Formation at Barrow Island (¥03). In
The Netherlands, CQOs being injected at pilot scale into the almost depleted Bd#shore
gas field (van der Meaat al, 2005).

Forty-four CQ-rich acid gas injection projects are currently operating irstédfa Canada,
ongoing since the early 1990s (Bachu and Haug, 2005). Although they ahe sneal scale,
they provide important examples of effectively managing tigacof CQ, and hazardous
gases such as,8.

Opportunities for enhanced oil recovery (EOR) have increasedesttin CQ storage
(Stevenset al, 2001b; Moberget al, 2003; Moritis, 2003; Riddiforet al, 2003; Torp and
Gale, 2003). Although not designed for £8orage, CQEOR projects can demonstrate
associated storage of gQ@lthough lack of comprehensive monitoring of EOR projects (other

than at the International Energy Agency Greenhouse Gas (IEAy®@burn Project in
Table 2. A selection of current and planned geological gferprojects (IPCC, 2005).
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Project Country Scale of Lead injection | Approximate | total Storage Geological Age of Lithology | monitoring
Project organizations | start average storage | type storage formation
date daily formation
injection
rate
Sleipner | Norway Commercial| Statoil, IEA 1996 3000 t day 20 Mt Aquifer Utsira Tertiary Sandstone| 4D seismic
planned Formation plus
gravity
Weyburn | Canada Commercigl EnCana, IEA 2000 | 3-5000t 20 Mt CO-EOR Midale Mississippian | Carbonate| Comprehensive
day* planned Formation
Minami- | Japan Demo Research 2002 Max 40 10,000 | Aquifer Haizume Pleistocene Sandstone| Crosswell
Nagoaka Institute of t day* t (Sth. Formation seismic
Innovative planned | Nagoaka + well
Technology Gas monitoring
for the Earth Field)
Yubari Japan Demo Japanese 2004 10 t day 200t CO,-ECBM | Yubari Tertiary Coal Comprehensive
Ministry of Planned Formation
Economy, (Ishikari
Trade Coal
and Industry Basin)
In Salah Algeria Commercia]  Sonatrach, | 2004 3-4000 17 Mt Depleted Krechba Carboniferous Sandstong  Planned
BP, t day* planned | hydrocarbon| Formation comprehensive
Statoil reservoirs
Frio USA Pilot Bureau of 2004 Approx. 177 1600t Saline Frio Tertiary Brine- Comprehensive
Economic t dayfor 9 formation Formation bearing
Geology of days Sandstone|
the Univ. of shale
Texas
K12B Netherlands| Demo Gaz de Franc¢ 2004 100-1000 t Approx | EGR Rotleigendes| Permian Sandston¢  Comprehens
day* (2006+) | 8 Mt
Fenn Big | Canada Pilot Alberta 1998 50 tday 200t CQ-ECBM Mannville Cretaceous Coal P, T, flow
Valley Research Group
Council
Recopol | Poland Pilot TNO-NITG 2003 1 tday 10t CQ-ECBM | Silesian Carboniferous | Coal
(Netherlands) Basin
Qinshui China Pilot Alberta 2003 30 t day 150t CQ-ECBM | Shanxi Carboniferous-| Coal P, T, flow
Basin Research Formation Permian
Council
Salt USA Commercial| Anadarko 2004 5-6000 27 Mt CO-EOR Frontier Cretaceous Sandstone  Under
Creek t day* development
Planned Projects (2005 onwards)
Snghvit Norway Decided Statoil 2007 2000 t day Saline Tubaen Lower Jurassic| Sandstone| Under
Commercial formation Formation development
Gorgon Australia Planned Chevron Planned | Approx. Saline Dupuy Late Jurassic | Massive Under
Commercial 2009 10,000 t day formation Formation sandstone | development
with shale
seal
Ketzin Germany Demo GFZ Potsdam 2006 100 t day 60 kt Saline Stuttgart Triassic Sandstone Comprehensi
formation Formation
Otway Australia Pilot CO2CRC Planned | 160 tdayfor | 0.1 Mt Saline fm Waarre Cretaceous Sandstonle Comprehensive
Late 2 years and Formation
2005 depleted gas
field
Teapot USA Proposed RMOTC Proposed| 170 tdayfor | 10 kt Saline fm Tensleep Permian Sandston¢  Comprehens
Dome Demo 2006 3 months and and
CO,-EOR Red Peak
Fm
CSEMP | Canada Pilot Suncor 2005 50 tday 10 kt CQ-ECBM | Ardley Fm Tertiary Coal Comprehensive
Energy
Pembina | Canada Pilot Penn West | 2005 50 t day 50 kt CQ-EOR Cardium Fm | Cretaceous Sandstone| Comprehesive

Canada) makes it difficult to quantify storage. In the UhiBates, approximately 73 GO
EOR operations inject up to 30 MtGQr', most of which comes from natural €O
accumulations — although approximately 3 MgGd©from anthropogenic sources, such as gas
processing and fertiliser plants (Stevehsl, 2001b). The SACROC project in Texas was the
first large-scale commercial GEOR project in the world. It used anthropogenic,@0ring

the period 1972 to 1995. The Rangely Weber project injects anthropd@@nitom a gas-
processing plant in Wyoming.

In Canada, a CE2EOR project has been established by EnCana at the Weyburrel@ilif-
southern Saskatchewan. The project is expected to inject @@Nind extend the life of the
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oil field by 25 years (Mobergt al, 2003; Law, 2005). The fate of the injected G©being
closely monitored through the IEA GHG Weyburn Project (Wilson and MoBgeas).
Carbon dioxide-EOR is under consideration for the North Sea, althibaghis as yet little, if
any, operational experience for offshore £ZEDR. Carbon dioxide-EOR projects are also
currently under way in a number of countries including Trinidad, Turke\Baazil (Moritis,
2002). Saudi Aramco, the world’s largest producer and exporteud¢ ail, is evaluating the
technical feasibility of CQEOR in some of its Saudi Arabian reservoirs.

In addition to these commercial storage or EOR projects, a nunhipiot storage projects
are under way or planned. The Frio Brine Project in Texa®, W8/olved injection and
storage of 1900 tC£Qn a highly permeable formation with a regionally extensive stedd
(Hovorkaet al, 2005). Pilot projects are proposed for Ketzin, west of Berlar@ny, for
the Otway Basin of southeast Australia and for Teapot Dome, \WigproiSA (Figure 7 and
Table 2). The American FutureGen project, proposed for late tbasldewill be a geological
storage project linked to coal-fired electricity generatidAnsmall-scale C® injection and
monitoring project is being carried out by RITE at Nagoaka in n@shwionshu, Japan.
Moreover there are many announced projects: BP to captusefr@® a power plant in
Peterhead, Scotland and transport it to the Miller oil firlthe North Sea for EOR. Statoil
and Shell planning a new natural gas fired power plant at Tjgjddden, Norway with C©O
capture. CQwill be transported to the Draugen and Heidrun oil field and usdgO&. CQ
capture planned at a new natural gas fired power plant at KBisteay for EOR use and at
Esbjerg in Denmark. The numbers of £€apture and storage projects which have already
been announced also demonstrate the confidence in this technology.

Small-scale injection projects to test £8lorage in coal have been carried out in Europe
(RECOPOL) and Japan (Yamagucht al, 2005). A CQ-enhanced coal bed methane
(ECBM) recovery demonstration project has been undertaken in the na8erJuan Basin
of New Mexico, USA (Reeves, 2003a). Further£ETBM? projects are under consideration
for China, Canada, Italy and Poland (Gale, 2003). In all, somepp®értunities for C@
ECBM have been identified worldwide, the majority in China (vangBnet al, 2003a). All
these projects mentioned demonstrate that subsurface inje€t©@, is not for the distant
future, but is being implemented now for environmental and/or comahegeisons.

*ECBM - Enhanced coal bed methane recovery; thei€©2 to enhance the recovery of the methane prese
in unminable coal beds through the preferentiabgatton of CO2 on coal.
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3 Storage mechanisms and storage security

3.1 CO, flow and transport processes

Injection of fluids into deep geological formations is achieved bypaugnfluids down into a
well. The part of the well in the storage zone is eitheiopated or covered with a permeable
screen to enable the G@ enter the formation. The perforated or screened interuablislly
on the order of 10-100 m thick, depending on the permeability and thickriégsfofmation.
Injection raises the pressure near the well, allowing @COenter the pore spaces initially
occupied by thén situformation fluids. The amount and spatial distribution of pressutd-bu
up in the formation will depend on the rate of injection, the pebitigaand thickness of the
injection formation, the presence or absence of permeabilityietsa within it and the
geometry of the regional underground water (hydrogeological) system

Once injected into the formation, the primary flow and transpedthanisms that control the
spread of C@include:

Fluid flow (migration) in response to pressure gradients createchdyinfection
process;

Fluid flow in response to natural hydraulic gradients;

Buoyancy caused by the density differences betweera@®the formation fluids;
Diffusion;

Dispersion and fingering caused by formation heterogeneities anditgnabihtrast
between C@and formation fluid;

Dissolution into the formation fluid;

Mineralization;

Pore space (relative permeability) trapping;

Adsorption of CQ onto organic material.

The rate of fluid flow depends on the number and properties dluidephases present in the
formation. When two or more fluids mix in any proportion, they afermed to as miscible
fluids. If they do not mix, they are referred to as immisciblee presence of several different
phases may decrease the permeability and slow the ratgmaition. If CQ is injected into a
gas reservoir, a single miscible fluid phase consisting airalagas and CPis formed
locally. When CQ is injected into a deep saline formation in a liquid or liquid-like
supercritical dense phase, it is immiscible in water.b@ardioxide injected into an oil
reservoir may be miscible or immiscible, depending on theamiposition and the pressure
and temperature of the system. Because supercriticalisC@uch less viscous (flows more
easily) than water and oil (by an order of magnitude or more)atiog is controlled by the
contrast in mobility of C@and thein situ formation fluids (Celiget al, 2005; Nordbottert
al., 2005a).

Because of the comparatively high mobility of £@nly some of the oil or water will be
displaced, leading to an average saturation of @@he range of 30-60%. Viscous fingering

can cause CPOto bypass much of the pore space, depending on the heterogeneity and
anisotropy of rock permeability (van der Meer, 1995; Ennis-King atergon, 2001; Fle#t

al., 2005). In natural gas reservoirs, £® more viscous (flows less easily) than natural gas,
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so the ‘front’ will be stable and viscous fingering limited. Trhagnitude of the buoyancy
forces that drive vertical flow depends on the type of fluid in fdrenation. In saline
formations, the comparatively large density difference (30—38¥tyeen C@and formation
water creates strong buoyancy forces that drive @Wards.

In saline formations and oil reservoirs, the buoyant plume of ageCQ migrates upwards,
but not evenly. This is because a lower permeability layeraacasbarrier and causes the,CO
to migrate laterally, filling any stratigraphic or strul trap it encounters. The shape of the
CO, plume rising through the rock matrix (Figure 8) is strongly ciéfé by formation
heterogeneity, such as low-permeability shale lenses @lett, 2005). Low-permeability
layers within the storage formation therefore have the effesibwing the upward migration

of CO,, which would otherwise cause @@ bypass deeper parts of the storage formation
(Doughtyet al, 2001).

As CO, migrates through the formation, some of it will dissolve intfthrmation water. In
systems with slowly flowing water, reservoir-scale nunarsimulations show that, over tens
of years, a significant amount, up to 30% of the injected @@l dissolve in formation water
(Doughty et al, 2001). Basin-scale simulations suggest that over centuniesrtire CQ
plume dissolves in formation water (McPherson and Cole, 2000; EnniseKisg 2003). If
the injected C@is contained in a closed structure (no flow of formation watewill take
much longer for C@to completely dissolve because of reduced contact with unsaturated
formation water. Once CQs dissolved in the formation fluid, it migrates along with the
regional groundwater flow. For deep sedimentary basins charactdry low permeability
and high salinity, groundwater flow velocities are very loypidally on the order of
millimetres to centimetres per year (Baaktual, 1994). Thus, migration rates of dissolved
CO; are substantially lower than for separate-phasg CO

Figure 8 Simulated distribution of CPinjected into a heterogeneous formation with Iasvrpeability layers
that block upward migration of GO(a) lllustration of a heterogeneous formationigacgrid model. The
location of the injection well is indicated by thertical line in the lower portion of the grid. (Bhe CQ
distribution after two years of injection. Note thle simulated distribution of GQs strongly influenced by the
low-permeability layers that block and delay upwaravement of C@(after Doughty and Pruess, 2004).
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Water saturated with GQs slightly denser (approximately 1%) than the original foromati
water, depending on salinity (Enick and Klara, 1990; Bachu and Adams, 200@8)high
vertical permeability, this may lead to free convectimeplacing the C@saturated water
from the plume vicinity with unsaturated water, producing fasiégs of CQ dissolution
(Lindeberg and Wessel-Berg, 1997; Ennis-King and Paterson, 2003). Bigilustrates the
formation of convection cells and dissolution of £Qver several thousand years. The
solubility of CQ in brine decreases with increasing pressure, decreasingr&orpeand
increasing salinity. Calculations indicate that, depending osalieity and depth, 20-60 kg
CO, can dissolve in 1 of formation fluid (Holtet al, 1995; Koideet al, 1995). With the
use of a homogeneous model rather than a heterogeneous one, ttegtimeel for complete
CQO, dissolution may be underestimated.

As CQO, migrates through a formation, some of it is retained in the ppace by capillary
forces (Figure 8), commonly referred to as ‘residuab @&@pping’, which may immobilize
significant amounts of CO(Obdamet al, 2003; Kumatret al, 2005). Figure 10 illustrates
that when the degree of trapping is high and, @GOinjected at the bottom of a thick
formation, all of the C®@ may be trapped by this mechanism, even before it reaches the
caprock at the top of the formation. While this effectoisrfation-specific, Holtz (2002) has
demonstrated that residual g®aturations may be as high as 15-25% for many typical
storage formations. Over time, much of the trapped @i€solves in the formation water
(Ennis-King and Paterson, 2003), although appropriate reservoir engmean accelerate or
modify solubility trapping (Keitret al, 2005).

Figure 9 Radial simulations of C@injection into a homogeneous formation 100 m thetka depth of 1 km,
where the pressure is 10 MPa and the temperat4@°@. The injection rate is 1 MtGQr-1 for 20 years, the
horizontal permeability is 10 —13 m2 (approximat&f0 mD) and the vertical permeability is one-teoithhat.
The residual C@saturation is 20%. The first three parts of thgufe at 2, 20 and 200 years, show the gas
saturation in the porous medium; the second thagis jof the figure at 200, 2000 and 4000 yearsyghe mass
fraction of dissolved C@in the aqueous phase (after Ennis-King and Patei93).
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Figure 10 Simulation of 50 years of injection of Gnto the base of a saline formation. Capillarycés trap
CG; in the pore spaces of sedimentary rocks. (a) After50-year injection period, most €@ still mobile,
driven upwards by buoyancy forces. (b) After 10@ang, buoyancy-driven flow has expanded the volume
affected by C@and much is trapped as residual Gaturation or dissolved in brine (not shown).l&it€0, is
mobile and all CQis contained within the aquifer (after Kumar et a005).

3.2 CO, storage mechanisms in geological formations

The effectiveness of geological storage depends on a combinatigphysical and
geochemical trapping mechanisms (Figure 11). The most eHestivage sites are those
where CQ is immobile because it is trapped permanently under a tlokpérmeability seal
or is converted to solid minerals or is adsorbed on the surfa@esmlomicropores or through
a combination of physical and chemical trapping mechanisms.

3.2.1 Physical trapping: stratigraphic and structural

Initially, physical trapping of C@below low-permeability seals (caprocks), such as very-low-
permeability shale or salt beds, is the principal means te &6y in geological formations
(Figure 2). In some high latitude areas, shallow gas hyglratey conceivably act as a seal.
Sedimentary basins have such closed, physically bound traps oturgsicwhich are
occupied mainly by saline water, oil and gas. Structuapistinclude those formed by folded
or fractured rocks. Faults can act as permeability bariiersome circumstances and as
preferential pathways for fluid flow in other circumstances\(iSet al, 2000). Stratigraphic
traps are formed by changes in rock type caused by variation getiireg where the rocks
were deposited. Both of these types of traps are suitableCipstGrage, although, care must
be taken not to exceed the allowable overpressure to avoid fractine caprock or re-
activating faults (Streiet al, 2005).

3.2.2 Physical trapping: hydrodynamic

Hydrodynamic trapping can occur in saline formations that dohawe a closed trap, but
where fluids migrate very slowly over long distances. When i§@jected into a formation,
it displaces saline formation water and then migrates buoyaptiards, because it is less
dense than the water. When it reaches the top of thefimmit continues to migrate as a
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Figure 11 Storage securities depend on a combination of palsind geochemical trapping. Over time, the
physical process of residual @@apping and geochemical processes of solubilitgding and mineral trapping
increase (IPCC, 2005).

separate phase until it is trapped as residuab G&uration or in local structural or
stratigraphic traps within the sealing formation. In the lorigem, significant quantities of

CQO, dissolve in the formation water and then migrate with the groatedwWhere the

distance from the deep injection site to the end of the overiympgrmeable formation is

hundreds of kilometres, the time scale for fluid to reach thacifrom the deep basin can
be millions of years (Bachet al, 1994).

3.2.3 Geochemical trapping

Carbon dioxide in the subsurface can undergo a sequence of geathetaractions with the
rock and formation water that will further increase storegeacity and effectiveness. First,
when CQ dissolves in formation water, a process commonly called siyulbibpping
occurs. The primary benefit of solubility trapping is that o@€® is dissolved, it no longer
exists as a separate phase, thereby eliminating the buoyeed fbat drive it upwards. Next,
it will form ionic species as the rock dissolves, accompaniedrise in the pH. Finally, some
fraction may be converted to stable carbonate minerals (minexpping), the most
permanent form of geological storage (Gureal, 1993). Mineral trapping is believed to be
comparatively slow, potentially taking a thousand years or loniewertheless, the
permanence of mineral storage, combined with the potentalthe Istorage capacity present
in some geological settings, makes this a desirable feaftlmag-term storage.

Dissolution of CQ in formation waters can be represented by the chengaation:

CO;(g) + HO H,CO; HCO;"+H"  CO3% +2H
The CQ solubility in formation water decreases as temperature afidity increase.
Dissolution is rapid when formation water and £Zbare the same pore space, but once the

formation fluid is saturated with GOthe rate slows and is controlled by diffusion and
convection rates.
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CO, dissolved in water produces a weak acid, which reacts télsadium and potassium
basic silicate or calcium, magnesium and iron carbonate catsilminerals in the reservoir or
formation to form bicarbonate ions by chemical reactions appedxigto:

3 K-feldspar + 2HO + 2CQ  Muscovite + 6 Quartz + 2K+ 2HCQ

Reaction of the dissolved G@ith minerals can be rapid (days) in the case of some caebonat
minerals, but slow (hundreds to thousands of years) in the casieatke minerals.

Formation of carbonate minerals occurs from continued reactidredfitarbonate ions with
calcium, magnesium and iron from silicate minerals suchlags,cmicas, chlorites and
feldspars present in the rock matrix (Gurgeal, 1993, 1997).

Perkinset al. (2005) estimate that over 5000 years, all the ®f&cted into the Weyburn OIl
Field will dissolve or be converted to carbonate mineralhimithe storage formation.
Equally importantly, they show that the caprock and overlying rookdtions have an even
greater capacity for mineralization. This is significatlBakage risk assessment (Chapter 6)
because once GGs dissolved,; it is unavailable for leakage as a disgrhase. Modelling by
Holtz (2002) suggests more than 60% of,@Otrapped by residual G@rapping by the end
of the injection phase (100% after 1000 years), although laboratorgiraepés (Section 3.1)
suggest somewhat lower percentages. When SQrapped at residual saturation, it is
effectively immobile. However, should there be leakage throbgitaprock, then saturated
brine may degas as it is depressurized, although, as iledtiratFigure 8 the tendency of
saturated brine is to sink rather than to rise. Reaction o€@ewith formation water and
rocks may result in reaction products that affect the porositthefrock and the flow of
solution through the pores. This possibility has not, however, beernvebdsexperimentally
and its possible effects cannot be quantified.

3.3 Natural geological accumulations of CQ

Natural sources of C{bccur, as gaseous accumulations ob,GTD, mixed with natural gas
and CQ dissolved in formation water (Figure 12). These natural aglations have been
studied in the United States, Australia and Europe (Pesred, 1996; Alliset al, 2001;
Stevenset al, 2003; Watsoret al, 2004) as analogues for storage of,C&s well as for
leakage from engineered storage sites. Production gff@CEOR and other uses provides
operational experience relevant to £€pture and storage. There are, of course, differences
between natural accumulations of £@nd engineered GO storage sites: natural
accumulations of C@collect over very long periods of time and at random sitese safim
which might be naturally ‘leaky’. At engineered sites, G@ection rates will be rapid and
the sites will necessarily be penetrated by injection wW€lidia and Bachu, 2003; Johnsein
al., 2005). Therefore, care must be taken to keep injectionuypessow enough to avoid
damaging the caprock and to make sure that the wells are [grepaied.

Natural accumulations of relatively pure €@e found all over the world in a range of
geological settings, particularly in sedimentary basing-plate volcanic regions (Figure 12)
and in faulted areas or in quiescent volcanic structures. Naocaimulations occur in a
number of different types of sedimentary rocks, principallyetones, dolomites and
sandstones and with a variety of seals (mudstone, shalendgahhydrite) and a range of trap
types, reservoir depths and &kkaring phases.
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Figure 12 Examples of natural accumulations of CO2 aroundwbdd. Regions containing many occurrences
are enclosed by a dashed line. Natural accumukatian be useful as analogues for certain asped®iefge
and for assessing the environmental impacts ofalgakData quality is variable and the apparentrafesef
accumulations in South America, southern Africa eedtral and northern Asia is probably more a otifbe of
lack of data than a lack of CO2 accumulations (IP2ID5)

Carbon dioxide fields in the Colorado Plateau and Rocky Mountains, &l8Aomparable to
conventional natural gas reservoirs (Ale$ al, 2001). Studies of three of these fields
(McElmo Dome, St. Johns Field and Jackson Dome) have shown tiaceatains 1600
MtCO,, with measurable leakage (Steveisal, 2001a). Two hundred Mt trapped in the
Pisgah Anticline, northeast of the Jackson Dome, is thought tobevegenerated more than
65 million years ago (Studliogt al, 1990), with no evidence of leakage, providing additional
evidence of long-term trapping of GCExtensive studies have been undertaken on small-
scale CQaccumulations in the Otway Basin in Australia (Watsbal, 2004) and in France,
Germany, Hungary and Greece (Peartcal, 2003).

Conversely, some systems, typically spas and volcanic sysaeenleaky and not useful
analogues for geological storage. The Kileaua Volcano emitsemagey 4 MtCQyr*. More
than 1200 tC® day’ (438,000 tCQ yr') leaked into the Mammoth Mountain area,
California, between 1990 and 1995, with flux variations linked to seign{iUSGS, 2001b).
Average flux densities of 80—160 t¢® ™ yr* are observed near Matraderecske, Hungary,
but along faults, the flux density can reach approximately 6600°tym (Pearceet al,
2003). These high seepage rates result from release ofr@® faulted volcanic systems,
whereas a normal baseline £fux is of the order of 10-100 gG®n 2 yr *under temperate
climate conditions (Pizzinet al, 2002). Seepage of GQOnto Lake Nyos (Cameroon)
resulted in CQ saturation of water deep in the lake, which in 1987 produced aarge
scale and (for more than 1700 persons) ultimately fatal relebseO, when the lake
overturned (Klinget al, 1987). The overturn of Lake Nyos (a deep, stratified tropatad)|
and release of C{are not representative of the seepage through wells ourgadhat may
occur from underground geological storage sites. Engineeredtcage sites will be chosen
to minimize the prospect of leakage. Natural storage aedtgwsuch as Lake Nyos are not
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representative of geological storage for predicting seefiageengineered sites, but can be
useful for studying the health, safety and environmentaltsftdcCQ leakage.

Carbon dioxide is found in some oil and gas fields as a sepagfigse or dissolved in oil.
This type of storage is relatively common in Southeast AslanaCand Australia, less
common in other oil and gas provinces such as in Algeria, Ruksid@aradox Basin (USA)
and the Alberta Basin (western Canada). In the North Sea aent8 Sea, a few fields have
up to 10% C@ including Sleipner and Snghvit (Figure 12). The La Barge alagas field in
Wyoming, USA, has 3300 Mt of gas reserves, with an aver§g&% CQ by volume. In the
Appennine region of Italy, many deep wells (1-3 km depth) have trapysecbgtaining 90%

or more CQ by volume. Major C@accumulations around the South China Sea include the
world’s largest known C@accumulation, the Natuna D Alpha field in Indonesia, with more
than 9100 MtC® and 720 Mt natural gas. Concentrations of,@@n be highly variable
between different fields in a basin and between different resemoes within the same field,
reflecting complex generation, migration and mixing processeAustralia’s Otway Basin,
the timing of CQ input and trapping ranges from 5000 years to a million years (Wetsin
2004).

3.4 Industrial analogues for CO, storage

3.4.1 Natural gas storage

Underground natural gas storage projects that offer experietmeant to CQ storage
(Lippmann and Benson, 2003; Perry, 2005) have operated successfulljnést 400 years
and in many parts of the world (Figure 13). These projects proeideetk loads and balance
seasonal fluctuations in gas supply and demand. The majority ct@age projects are in
depleted oil and gas reservoirs and saline formations, althouginsanesalt have also been
used extensively. A number of factors are critical to theesscof these projects, including a
suitable and adequately characterized site (permeabilityknéss and extent of storage
reservoir, tightness of caprock, geological structure, litholety.). Injection wells must be
properly designed, installed, monitored and maintained and abandoredvald near the
project must be located and plugged. Finally, taking into accounga & solubility, density
and trapping conditions, over pressuring the storage reservoutifigeas at a pressure that
is well in excess of the in situ formation pressure)trbesavoided.

While underground natural gas storage is safe and effective, pojexts have leaked,
mostly caused by poorly completed or improperly plugged and abandorsaneby leaky
faults (Gurevichet al, 1993; Lippmann and Benson, 2003; Perry, 2005). Abandoned oil and
gas fields are easier to assess as natural gas stdesgthan are saline formations, because
the geological structure and caprock are usually well chaizedefrom existing wells. At
most natural gas storage sites, monitoring requirements @wcessuring that the injection
well is not leaking (by the use of pressure measurements and thirowgjtu downhole
measurements of temperature, pressure, noise/sonic, casing crdéic.). Observation
wells are sometimes used to verify that gas has notdeat@shallower strata.
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Figure 13Location of some natural gas storage projects (FZD05).

3.4.2 Acid gas injection

Acid gas injection operations represent a commercial analogseiine aspects of geological
CO, storage. Acid gas is a mixture ob$FHand CQ with minor amounts of hydrocarbon
gases that can result from petroleum production or processing. ke/&€anada, operators
are increasingly turning to acid gas disposal by injection intp de®logical formations.
Although the purpose of the acid gas injection operations is to disgoktS, significant
guantities of CQ@are injected at the same time because it is uneconomgpéoate the two
gases.

Currently, regulatory agencies in Western Canada approve tkemum HS fraction,
maximum wellhead injection pressure and rate and maximum oneetilume. Acid gas is
currently injected into 51 different formations at 44 differeniatmms across the Alberta
Basin in the provinces of Alberta and British Columbia (Figure Céxbon dioxide often
represents the largest component of the injected acid rgasnstin many cases, 14-98% of
the total volume. A total of 2.5 MtCGand 2 MtHS had been injected in Western Canada by
the end of 2003, at rates of 840-500,720 m3dasr site, with an aggregate injection rate in
2003 of 0.45 MtC@yr* and 0.55 MtHS yr?, with no detectable leakage.

Acid gas injection in Western Canada occurs over a wideerahdormation and reservoir
types, acid gas compositions and operating conditions. Injection fd#tee in deep saline
formations at 27 sites, into depleted oil and/or gas reservoitk9 atites and into the
underlying water leg of depleted oil and gas reservoirs ate$. sCarbonates form the
reservoir at 29 sites and quartz-rich sandstones dominate rantheing 21 (Figure 14). In
most cases, shale constitutes the overlying confining umptdck), with the remainder of the
injection zones being confined by tight limestones, evapornitgsahydrites.

Since the first acid-gas injection operation in 1990, 51 differepttion sites have been
approved, of which 44 are currently active. One operation wasnpdé¢mented, three were
rescinded after a period of operation (either because injeatiomes reached the approved
limit or because the gas plant producing the acid gas was dessiomeid) and three sites
were suspended by the regulatory agency because of reservgiresguring.
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Figure 14 Locations of acid gas injection sites in the AlbeBasin, Canada: (a) classified by injection utu};
the same locations classified by rock type (fronctBaand Haug, 2005).

3.4.3 Liquid waste injection

In many parts of the world, large volumes of liquid waste aeeieg into the deep subsurface
every day. For example, for the past 60 years, approximateljich lgallons (34.1 million

m?) of hazardous waste is injected into saline formations in theetUSitates from about 500
wells each year. In addition, more than 750 billion gallons (2843 miitidnof oil field
brines are injected from 150,000 wells each year. This combined dn8uajectate volume

of about 3000 million f) when converted to volume equivalent, corresponds to the volume of
approximately 2 GtC@at a depth of 1 km. Therefore, the experience gained fromingxist
deep-fluid-injection projects is relevant in terms of théestf operation and is of a similar
magnitude to that which may be required for geological starbGe,.

3.5 Security and duration of CO, storage in geological formations

Evidence from oil and gas fields indicates that hydrocarbons armat géses and fluids
including CQ can remain trapped for millions of years (Magoon and Dow, 1994isBeav
et al, 2005). Carbon dioxide has a tendency to remain in the subsurfdagvéreo
hydrocarbons) via its many physicochemical immobilization mechemisWorld-class
petroleum provinces have storage times for oil and gas of 5—-100nnykars, others for 350
million years, while some minor petroleum accumulations have seeed for up to 1400
million years. However, some natural traps do leak, whictiaeies the need for careful site
selection, characterization and injection practices.
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4 Site characterization and performance prediction

4.1 Site characterization

Storage site requirements depend greatly upon the trapping mecharisthe geological
medium in which storage is proposed (e.g., deep saline formdapteted oil or gas field or
coal seam). Data availability and quality vary greatly leemveach of these options. In many
cases, oil and gas fields will be better characterizad tleep saline formations because a
relevant data set was collected during hydrocarbon exploration and fowadttowever, this
may not always be the case. There are many examples pfsdére formations whose
character and performance for £6Gtorage can be predicted reliably over a large area
(Chadwicket al, 2003; Bradshawt al, 2003).

4.1.1 Data types

The storage site and its surroundings need to be characterizedms ¢& geology,
hydrogeology, geochemistry and geomechanics (structural geolodydaformation in
response to stress changes). The greatest emphasis wikdsel @n the reservoir and its
sealing horizons. However, the strata above the storage fomaatd caprock also need to be
assessed because if £@aked it would migrate through them (Haidt al, 2005).
Documentation of the characteristics of any particular stosagewill rely on data that have
been obtained directly from the reservoir, such as core and ficodsiced from wells at or
near the proposed storage site, pressure transient tests cdnut#st seal efficiency and
indirect remote sensing measurements such as seismicticefledata and regional
hydrodynamic pressure gradients. Integration of all of the diftetypes of data is needed to
develop a reliable model that can be used to assess waediteils suitable for Cstorage.

During the site-selection process that may follow an Ing@eening, detailed reservoir
simulation (Section 4.2) will be necessary to meaningfullgssa potential storage site. A
range of geophysical, geological, hydrogeological and geomeehamfiarmation is required
to perform the modelling associated with a reservoir simulafitas information must be
built into a three-dimensional geological model, populated with knowreatmdpolated data
at an appropriate scale.

Financial constraints may limit the types of data that carcdilected as part of the site
characterization and selection process. Today, no standard methogi@sgybes how a site
must be characterized. Instead, selections about site chaatidn data will be made on a
site-specific basis, choosing those data sets that will bst maluable in the particular
geological setting. However, some data sets are likely tocsddected for every case.
Geological site description from well bores and outcrops areedeesl characterize the
storage formation and seal properties. Seismic surveys adedéeo define the subsurface
geological structure and identify faults or fractures that cauéhte leakage pathways.
Formation pressure measurements are needed to map the ralieeatidn of groundwater

flow. Water quality samples are needed to demonstrate thatiam between deep and
shallow groundwater.
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4.1.2 Assessment of stratigraphic factors affecting Sitéegrity

Caprocks or seals are the permeability barriers (mostlycakbut sometimes lateral) that
prevent or impede migration of G&om the injection site. The integrity of a seal depends on
spatial distribution and physical properties. Ideally, a seabig unit should be regional in
nature and uniform in lithology, especially at its base. Wheme thee lateral changes in the
basal units of a seal rock, the chance of migration out optineary reservoir into higher
intervals increases. However, if the seal rock is unifoagionally extensive and thick, then
the main issues will be the physical rock strength, any naturahnthropomorphic
penetrations (faults, fractures and wells) and potential-W&er-rock reactions that could
weaken the seal rock or increase its porosity and permgabilit

Methods have been described for making field-scale measurenfetite permeability of
caprocks for formation gas storage projects, based on theod#iggbpments in the 1950s
and 1960s (Hantush and Jacobs, 1955; Hantush, 1960). These use water-pestpiiy t
measure the rate of leakage across the caprock (Withersp@bn1968). A related type of
test, called a pressure ‘leak-off’ test, can be used toureaaprock permeability and situ
stress. The capacity of a seal rock to hold back fluids carbalgestimated from core samples
by mercury injection capillary pressure (MICP) analysisyeahod widely used in the oil and
gas industry (Vavrat al, 1992). MICP analysis measures the pressures required to move
mercury through the pore network system of a seal rock. Theingsdata can be used to
derive the height of a column of reservoir rock saturated rtecplar fluid (e.g., CQ that
the sealing strata would be capable of holding back (Gibson-Bbale2002).

4.1.3 Geomechanical factors affecting site integrity

When CQ is injected into a porous and permeable reservoir rock, libeiforced into pores
at a pressure higher than that in the surrounding formation. Thisupeecould lead to
deformation of the reservoir rock or the seal rock, resultinthe opening of fractures or
failure along a fault plane. Geomechanical modelling of the sisimsurs necessary in any
storage site assessment and should focus on the maximum formatsarps that can be
sustained in a storage site. As an example, at Weyburn, tieeheitial reservoir pressure is
14.2 MPa, the maximum injection pressure (90% of fracture pressunehe range of 25-27
MPa and fracture pressure is in the range of 29-31 MPa. Coupled ajeooal-
geochemical modelling may also be needed to document fraetliegsby precipitation of
carbonates in fractures or pores. Modelling these will require ledige of pore fluid
composition, mineralogyn situstresses, pore fluid pressures and pre-existing fault
orientations and their frictional properties (Streit and HilR903; Johnsoret al, 2005).
These estimates can be made from conventional well and seigtaiand leak-off tests, but
the results can be enhanced by access to physical measurementsstfength. Application
of this methodology at a regional scale is documented by Gibsor-€tad! (2002).

The efficacy of an oil or gas field seal rock can be attareed by examining its capillary
entry pressure and the potential hydrocarbon column height that gusaain (see above).
However, Jimenez and Chalaturnyk (2003) suggest that the geometimadaesses, during
depletion and subsequent £i@jection, may affect the hydraulic integrity of the semlk in
hydrocarbon fields. Movement along faults can be produced in a hydrocaddnby
induced changes in the preproduction stress regime. This pparhahen fluid pressures
are substantially depleted during hydrocarbon production (Streit ands, HRDO3).
Determining whether the induced stress changes result ipamtion or pore collapse is
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critical in assessment of a depleted field. If pore collagsers, then it might not be possible
to return a pressure-depleted field to its original pore pressgiineut the risk of induced
failure. By having a reduced maximum pore fluid pressure,ata¢ volume of CQ@that can
be stored in a depleted field could be substantially hess atherwise estimated.

4.1.4 Geochemical factors affecting site integrity

The mixing of CQ and water in the pore system of the reservoir rock willterdessolved
CO,, carbonic acid and bicarbonate ions. The acidification of the water reduces the
amount of CQ that can be dissolved. As a consequence, rocks that buéfgrotie water
increasespH to higher values (reducing the acidity) facilitate the agjer of CQ as a
dissolved phase (Section 3.2). The £©h water may react with minerals in the reservoir
rock or caprock matrix or with the primary pore fluid. Importanttymay also react with
borehole cements and steels (see discussion below). Such reawipause either mineral
dissolution or potential breakdown of the rock (or cement) matrix eemai precipitation and
plugging of the pore system (and thus, reduction in permeability)

A carbonate mineral formation effectively traps stored, @® an immobile solid phase
(Section 3.2). If the mineralogical composition of the rockrixas strongly dominated by
guartz, geochemical reactions will be dominated by simple dissolinto the brine and GO
water-rock reactions can be neglected. In this case, compbehgmical simulations of rock-
water interactions will not be needed. However, for moraglex mineralogies, sophisticated
simulations, based on laboratory experimental data that useaieserd caprock samples and
native pore fluids, may be necessary to fully assess thetibteffiects of such reactions in
more complex systems (Backti al, 1994; Czernichowski-Lauriat al, 1996; Rochellet
al., 1999, 2004; Guntest al, 2000). Studies of rock samples recovered from natural systems
rich in CQ, can provide indications of what reactions might occur in the l@g term
(Pearceet al, 1996). Reactions in boreholes are considered by Crolet (1983), Razthell.
(2004) and Schremp and Roberson (1975). Natural €€ervoirs also allow sampling of
solid and fluid reactants and reaction products, thus allowing formulati geochemical
models that can be verified with numerical simulations, furtiaeilitating quantitative
predictions of water-C&rock reactions (May, 1998).

4.1.5 Anthropogenic factors affecting storage integrity

As discussed at greater length in Section 6.2, anthropogeniorsfastich as active or
abandoned wells, mine shafts and subsurface production can impaagesteecurity.
Abandoned wells that penetrate the storage formation can betcujza concern because
they may provide short circuits for G@o leak from the storage formation to the surface
(Celia and Bachu, 2003; Gasdnal, 2004). Therefore, locating and assessing the condition
of abandoned and active wells is an important component of sieaatérization. It is
possible to locate abandoned wells with airborne magnetometezysurin most cases,
abandoned wells will have metal casings, but this may ndtéedse for wells drilled long
ago or those never completed for oil or gas production. Countrie®ilvéhd gas production
will have at least some records of the more recently drilells, depth of wells and other
information stored in a geographic database. The consistency alitgt gtirecord keeping of
drilled wells (oil and gas, mining exploration and water) vacessiderably, from excellent
for recent wells to nonexistent, particularly for olderl&éBStenhouset al, 2004).
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4.2 Performance prediction and optimization modelling

Computer simulation also has a key role in the design and operatideidbfpfojects for
underground injection of COPredictions of the storage capacity of the site or xipeaed
incremental recovery in enhanced recovery projects aré teitan initial assessment of
economic feasibility. In a similar vein, simulation can umed in tandem with economic
assessments to optimize the location, number, design and deptfection wells. For
enhanced recovery projects, the timing of,G@ection relative to production is vital to the
success of the operation and the effect of various sieategn be assessed by simulation.
Simulations of the long-term distribution of @@ the subsurface (e.g., migration rate and
direction and rate of dissolution in the formation water) are impbfta the design of cost-
effective monitoring programmes, since the results wiluance the location of monitoring
wells and the frequency of repeat measurements, such as gdaricsesoil gas or water
chemistry. During injection and monitoring operations, simulation nsockeh be adjusted to
match field observations and then used to assess the impacsifigaperational changes,
such as drilling new wells or altering injection rates, oftéh whe goal of further improving
recovery (in the context of hydrocarbon extraction) or of avoidingatigr of CQ past a
likely spill-point.

Section 3.2 described the important physical, chemical and geonzdhprocesses that
must be considered when evaluating a storage project. Nainginaulators currently in use
in the oil, gas and geothermal energy industries provide impomntidasets of the required
capabilities. They have served as convenient starting pointsreflent and ongoing
development efforts specifically targeted at modelling thaoggcal storage of CO Many
simulation codes have been used and adapted for this purpose (WhiteNit865;1996;
White and Oostrom, 1997; Pruextsal, 1999; Lichtner, 2001; Steefel, 2001; ¥ual, 2003).

Simulation codes are available for multiphase flow processkemical reactions and
geomechanical changes, but most codes account for only a subsetsefptioeesses.
Capabilities for a comprehensive treatment of different s are limited at present. This
is especially true for the coupling of multiphase fluid flow, dewuical reactions and
(particularly) geomechanics, which are very important foiiritegrity of potential geological
storage sites (Rutgvist and Tsang, 2002). Demonstrating that#meynodel the important
physical and chemical processes accurately and reliably iesswy for establishing
credibility as practical engineering tools. Recently, an aicaly model developed for
predicting the evolution of a plume of @jected into a deep saline formation, as well as
potential CQ leakage rates through abandoned wells, has shown good matchingswith re
obtained from the industry numerical simulator ECLIPSE (Catlial, 2005; Nordbotteret
al., 2005b).

A code intercomparison study involving ten research groups fromcasuntries was
conducted recently to evaluate the capabilities and accuracy of inalm@mulators for
geological storage of greenhouse gases (Prieds 2004). The test problems addressed CO
storage in saline formations and oil and gas reservoirs. 8hdts of the intercomparison
were encouraging in that substantial agreement was found betwséts m@btained with
different simulators. However, there were also areas withfairlagreement, as well as some
significant discrepancies. Most discrepancies could be tracdiférences in fluid property
descriptions, such as fluid densities and viscosities and mutuglilgplof CO, and water.
The study concluded that ‘although code development work undoubtedly must continue
codes are available now that can model the complex phenomena angmgpgeological
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storage of C®in a robust manner and with quantitatively similar resul&uesset al,
2004).

Code intercomparisons are useful for checking mathematical metodsnumerical

approximations and to provide insight into relevant phenomena by using fteeerdi

descriptions of the physics (or chemistry) implemented. Howeastablishing the realism
and accuracy of physical and chemical process models is a nmoendieg task, one that
requires carefully controlled and monitored field and laboratory rarpats. Only after

simulation models have been shown to be capable of adequabedserting real-world
observations can they be relied upon for engineering design and andgtisods for

calibrating models to complex engineered subsurface systenevaitable, but validating
them requires field testing that is time consuming and expens

The principal difficulty is that the complex geological modelsuich the simulation models
are based are subject to considerable uncertainties, mgshbtith from uncertainties in data
interpretation and, in some cases, sparse data sets. Meastgetaken at wells provide
information on rock and fluid properties at that location, but $taistechniques must be
used to estimate properties away from the wells. When simglatfield in which injection or
production is already occurring, a standard approach in the oil anthdsstry is to adjust
some parameters of the geological model to match seléetd observations. This does not
prove that the model is correct, but it does provide additional eamstron the model
parameters. In the case of saline formation storage, histatghing is generally not feasible
for constraining uncertainties, due to a lack of underground datofigparison. Systematic
parameter variation routines and statistical functions shoulohdbeded in future coupled
simulators to allow uncertainty estimates for numerical vedesimulation results. Field tests
of CQO, injection are under way or planned in several countries and thete provide
opportunities to validate simulation models.

Predictions of the long-term distribution of injected £i@cluding the effects of geochemical
reactions, cannot be directly validated on a field scale bectigse reactions may take
hundreds to thousands of years. However, the simulation of impantsitanisms, such as
the convective mixing of dissolved GQan be tested by comparison to laboratory analogues
(Ennis-King and Paterson, 2003). Another possible route is to matchasonal to the
geochemical changes that have occurred in appropriate naturagumauotel accumulations of
CQO,, such as the precipitation of carbonate minerals, since fhewide evidence for the
slow processes that affect the long-term distribution of (JOhnsoret al, 2005). It is also
important to have reliable and accurate data regarding thedpbysical properties of GO
and mixtures of C@with methane, water and potential contaminants such,&sakid SQ@
Similarly, it is important to have data on relative permidggband capillary pressure under
drainage and imbibition conditions. Code comparison studies show lteatlatgest
discrepancies between different simulators can be tracedcertainties in these parameters
(Pruesst al, 2004). For sites where few, if any, &®ater-rock interactions occur, reactive
chemical transport modelling may not be needed and simpler siomslahat consider only
CO,-water reactions will suffice.
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4.3 Remark

So far in this chapter, only the nature of the storage stenisidered. But once a suitable site
is identified, it is important to assess the technologylahla to inject large quantities of GO
(1-10 MtCQ yr) into the subsurface and to operate the site effectively dely.s& number

of technological issues need to be examined. A list of the impodaues with regard to
technology and field operations is outlined below.

Injection well technologies

Well abandonment procedures

Injection well pressure and reservoir constraints
Field operations and surface facilities

Details on specific issues can be obtained from the IROQ5 report and saline aquifer €0
storage Best Practice Manual (2004).
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5 Monitoring and verification

5.1 Purposes for monitoring

Monitoring is needed for a wide variety of purposes. Specijicaibnitoring can be used to:

Ensure and document effective injection well controls, spebiyfitar monitoring the
condition of the injection well and measuring injection ratesdlhead and formation
pressures. Petroleum industry experience suggests that |dedkaghe injection well
itself, resulting from improper completion or deterioration of ¢asing, packers or
cement, is one of the most significant potential failure mddesnjection projects
(Apps, 2005; Perry, 2005);

Verify the quantity of injected C{that has been stored by various mechanisms;
Optimize the efficiency of the storage project, includingiagtion of the storage
volume, injection pressures and drilling of new injectionisyel

Demonstrate with appropriate monitoring techniques that @@ains contained in
the intended storage formation(s). This is currently the princigdhod for assuring
that the CQremains stored and that performance predictions can begerif

Detect leakage and provide an early warning of any seepagalage that might
require mitigating action.

In addition to essential elements of a monitoring stratether parameters can be used to
optimize storage projects, deal with unintended leakage andsadargulatory, legal and
social issues. Other important purposes for monitoring include sasgethe integrity of
plugged or abandoned wells, calibrating and confirming performancesasse models
(including ‘history matching’), establishing baseline paramdtarshe storage site to ensure
that CQ-induced changes are recognized (Wilson and Monea, 2005), detecting
microseismicity associated with a storage project, meassurface fluxes of C©Oand
designing and monitoring remediation activities (Benstoal, 2004).

Before monitoring of subsurface storage can take place effgctavdlaseline survey must be
taken. This survey provides the point of comparison for subsequevgysurThis is
particularly true of seismic and other remote-sensing techiesloghere the identification of
saturation of fluids with C®is based on comparative analysis. Baseline monitoringdsaal
prerequisite for geochemical monitoring, where anomalies demntified relative to
background concentrations. Additionally, establishing a baseli@®gfluxes resulting from
ecosystem cycling of CQboth on diurnal and annual cycles, are useful for distinguishing
natural fluxes from potential storage-related releases.

Much of the monitoring technology described below was developed fdcatmh in the oil
and gas industry. Most of these techniques can be applied to mongdaniage projects in all
types of geological formations, although much remains to be leabwd monitoring coal
formations. Monitoring experience from natural gas storage imesatjuifers can also provide
a useful industrial analogue.
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5.2 Monitoring

5.2.1 Injection rates and pressures

To ensure that injection of G@s properly taking place at a site, monitoring of the condition
of the injection well is necessary. Measurements of iGfection rates are a common oil field
practice and instruments for this purpose are available conatheréileasurements are made
by gauges either at the injection wellhead or near distoibutianifolds. Typical systems use
orifice meters or other devices that relate the pressopeatross the device to the flow rate.
Modern systems have improved accuracies in the order of 0.6%aoeinfo conventional
systems with 8% measurement accuracy. Standards for nmeasdaraccuracy vary and are
usually established by governments or industrial associationseXaonple, in the United
States, current auditing practices for ZEIDR accept flow meter precision of £4%.

Measurements of injection pressure at the surface and in thatfonmare also routine
processes. Pressure gauges are installed on most injectiothnaligh orifices in the surface
piping near the wellhead. Downhole pressure measurements areerduttnare used for
injection well testing or under special circumstances in whicfase measurements do not
provide reliable information about the downhole pressure. A widetyarigressure sensors
are available and suitable for monitoring pressures at tHeeael or in the formation. These
instruments are used to monitor injection pressures through shubeéisvthat will stop or
curtail injection if the pressure exceeds a predeterminedtisadshold or if there is a drop in
pressure as a result of a leak. Surface pressures can ke essdre that downhole pressures
do not exceed the threshold of reservoir fracture pressure. Modsems such as fibre-optic
pressure and temperature sensors are expected to provide iradrle reeasurements and
well control.

5.2.2 Subsurface distribution of C®

Several techniques are used to monitor the distribution and migodt©@; in the subsurface
(e.g. Best Practice Manual, 2004). The applicability and thé@tsiof the techniques are
somewhat site-specific. The techniques available for monit@@gmigration are classified
in to:

Direct techniques, and
Indirect techniques

Direct techniquesemploy direct measurement of injected CiOr example at production
wells for monitoring the arrival of C£and are limited in availability at present. In the cdse o
Weyburn, the carbon in the injected £i@as a different isotopic composition from the carbon
in the reservoir (Emberlest al., 2002), so the distribution of the @@an be determined on a
gross basis by evaluating the arrival of the introduced @ @ifferent production wells. With
multiple injection wells in any producing area, the arrival @,@an give only a general
indication of distribution in the reservoir.

A more accurate approach is to use tracers (gases or ggssot present in the reservoir
system) injected into specific wells. The timing of dreival of the tracers at production or
monitoring wells will indicate the path the €@ taking through the reservoir. Monitoring
wells may also be used to passively record the movement pp&<d the well, although it

should be noted that the use of such invasive techniques potengatgssnew pathways for
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leakage to the surface. This provides some indication of thralldistribution of the C®in a
storage reservoir. In thick formations, multiple samplingngl vertical monitoring or
production wells would provide some indication of the vertical distaoudif the CQ in the
formation.

Direct measurement of migration beyond the storage site cattieved in a number of
ways, depending on where the migration takes the. @@mparison between baseline
surveys of water quality and/or isotopic composition can be usekmtify new CQ arrival

at a specific location from natural GQre-existing at that site. Geochemical techniques can
also be used to understand more about the &@ its movement through the reservoir
(Czernichowski-Laurioket al, 1996; Wilson and Monea, 2005). The chemical changes that
occur in the reservoir fluids indicate the increase in acilitd the chemical effects of this
change, in particular the bicarbonate ion levels in the fluMis.the surface, direct
measurement can be undertaken by sampling for & @acers in soil gas and near surface
water-bearing horizons (from existing water wells or new observavells). Surface C©
fluxes may be directly measurable by techniques such aseidfspectroscopy (Milest al,
2005; Pickles, 2005; Shuler and Tang, 2005).

Indirect techniquedor measuring C@ distribution in the subsurface include a variety of
seismic and non-seismic geophysical and geochemical technigeeso(@t al, 2004; Arts
and Winthaegen, 2005; Hoversten and Gasperikova, 2005). Seismigqtezs basically
measure the velocity and energy absorption of waves, genediidally or naturally,
through rocks. The transmission is modified by the nature abttieand its contained fluids.
By taking a series of surveys over time, it is possiblgace the distribution of the G@ the
reservoir, assuming the free-phase,@@ume at the site is sufficiently high to identify from
the processed data. A baseline survey with ng @@sent provides the basis against which
comparisons can be made. It would appear that relatively low eslwh free-phase GO
(approximately 5% or more) may be identified by these seismhmnitpees; at present,
attempts are being made to quantify the amount ofi@@he pore space of the rocks and the
distribution within the reservoir (Hoverstenal, 2003).

The use of passive seismic (microseismic) techniques adspdt@ntial value. Passive seismic
monitoring detects microseismic events induced in the resdsyalynamic responses to the
modification of pore pressures or the reactivation or creatiomall $ractures. These discrete
microearthquakes, with magnitudes on the order of -4 to O on the Rscialer (Wilson and
Monea, 2005), are picked up by static arrays of sensors, oftemtsdrinto abandoned wells.
These microseismic events are extremely small, but monittdregicroseismic events may
allow the tracking of pressure changes and, possibly, the movemgas af the reservoir or
saline formation.

Non-seismic geophysical techniques include the use of elécaimchelectromagnetic and
self-potential techniques (Bensehal, 2004; Hoversten and Gasperikova, 2005). In addition,
though not proven gravity techniques (ground or air-based) may be ausklermine the
migration of the C@ plume in the subsurface. Finally, tiltmeters or remote methods
(geospatial surveys from aircraft or satellites) for maag ground distortion may be used in
some environments to assess subsurface movement of the plume.
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5.2.3 Injection well integrity

A number of standard technologies are available for monitoringintegrity of active
injection wells. Cement bond logs are used to assess the bond andtthaity of the cement
around well casing. Periodic cement bond logs can help detedbdstien in the cemented
portion of the well and may also indicate any chemical interactighe acidized formation
fluids with the cement. The initial use of cement bond logsaaisof the well integrity testing
can indicate problems with bonding and even the absence of cement.

Prior to converting a well to other uses, such as ®f&ction, the well usually undergoes
testing to ensure its integrity under pressure. These testelatively straightforward, with
the well being sealed top and bottom (or in the zone to be tegted3ured up and its ability
to hold pressure measured. In general, particularly on land, thevilde abandoned if it
fails the test and a new well will be drilled, as opposedtergiting any remediation on the
defective well.

Injection takes place through a pipe that is lowered into the wdllpacked off above the
perforations or open-hole portion of the well to ensure that the amgegkeaches the
appropriate level. The pressure in the annulus, the space hetweeasing and the injection
pipe, can be monitored to ensure the integrity of the packer, casthghe injection pipe.
Changes in pressure or gas composition in the annulus wiltladeoperator to problems.

As noted above, the injection pressure is carefully monitorechsare that there are no
problems. A rapid increase in pressure could indicate probleithstle well, although
industry interpretations suggest that it is more likely toolss bf injectivity in the reservoir.

Temperature logs and ‘noise’ logs are also often run on a rdwasis to detect well failures
in natural gas storage projects. Rapid changes in tempeadbagethe length of the wellbore
are diagnostic of casing leaks. Similarly, ‘noise’ assediavith leaks in the injection tubing
can be used to locate small leaks (Lippmann and Benson, 2003).

5.2.4 Local environmental effects

Monitoring local environmental effects are important in the evilras CQ leaks from deep
geological storage formation and migrates upwards. Monitorimg bea performed by
assessing:

Groundwater quality
Air quality and atmospheric fluxes,
Ecosystems

Groundwater- If CO, leaks from the deep geological storage formation and migratesdgw
into overlying shallow groundwater aquifers, methods are availabldetect and assess
changes in groundwater quality. Seismic monitoring methods and pdtentidlers
(described as indirect techniques), can be used to identify bedkee the C@reaches the
groundwater zone.

Nevertheless, if C@does migrate into a groundwater aquifer, potential impactsbean

assessed by collecting groundwater samples and analyzing themajéorions (e.g., Na, K,
Ca, Mg, Mn, ClI, Si, HC@ and SQ?), pH, alkalinity, stable isotopes (e.¢°C, *C, 120, ?H)
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and gases, including hydrocarbon gases; &4 its associated isotopes (Gureal, 1998).
Additionally, if shallow groundwater contamination occurs, samplesdcbel analyzed for
trace elements such as arsenic and lead, which are redbily acidic water. Several modern
techniques are used to accurately measure water quality. Gtaanaklytical methods are
available to monitor all of these parameters, including theilpligsof continuous real-time
monitoring for some of the geochemical parameters.

Natural tracers (isotopes of C, O, H and noble gases assbuidtethe injected C¢ and
introduced tracers (noble gasesgs @Rd perfluorocarbons) also may provide insight into the
impacts of storage projects on groundwater (Embexia}, 2002; Nimz and Hudson, 2005).
(SK and perfluorocarbons are greenhouse gases with extremely high glabaing
potentials and therefore caution is warranted in the use of thesee,do avoid their release to
the atmosphere.) Natural tracers such as C and O isotopes nadyebt® link changes in
groundwater quality directly to the stored £6y ‘fingerprinting’ the CQ, thus distinguishing
storage-induced changes from changes in groundwater qualitgdcdnys other factors.
Introduced tracers such as perfluorocarbons that can be detected latwconcentrations (1
part per trillion) may also be useful for determining whetl», has leaked and is
responsible for changes in groundwater quality. Synthetic tracers lmealdded periodically
to determine movement in the reservoir or leakage paths, ndiilgal tracers are present in
the reservoir or introduced gases.

Air quality and atmospheric fluxesContinuous sensors for monitoring £i@ air are used in

a variety of applications, including HVAC (heating, ventilataord air conditioning) systems,
greenhouses, combustion emissions measurement and environments hn Ghids a
significant hazard (such as breweries). Such devicereigfrared detection principles and
are referred to as infrared gas analyzers. For extraasmesuand validation of real-time
monitoring data, periodic concentration measurement by gas chromatogaphgommon
use. Mass spectrometry is the most accurate method for nimga€@, concentration, but it
is also the least portable. Electrochemical solid statede@ctors exist, but they are not cost
effective at this time (e.g., Tamuea al, 2001). Common field applications in environmental
science include the measurement of ,Gfncentrations in soil air, flux from soils and
ecosystem-scale carbon dynamics. Diffuse soil flux measurenag@tsnade by simple
infrared analyzers (Oskarssenal, 1999).

Satellite-based remote sensing of J@leases to the atmosphere may also be possible, but
this method remains challenging because of the long path lengthtirtteigtmosphere over
which CQ is measured and the inherent variability of atmospherig. Gfrared detectors
measure average G@oncentration over a given path length. Aeroplane-based meesire
using this same principle may be possible. Carbon dioxide has besunee either directly
in the plume by a separate infrared detector or calculaded #Q measurements and direct
ground sampling of the SOCGO;, ratio for a given volcano or event (Hobbs al, 1991;
USGS, 2001b). Remote-sensing techniques currently under investif@atiQ®©, detection
are LIDAR (light detection and range-finding), a scanning airbdaser and DIAL
(differential absorption LIDAR), which looks at reflections franultiple lasers at different
frequencies (Hobbst al, 1991; Menziegt al, 2001).

In summary, monitoring of C{for occupational safety is well established. On the other hand,
while some promising technologies are under development for envircamemitoring and
leak detection, measurement and monitoring approaches on theréérand space scales
relevant to geological storage need improvement to bedfidgtive.
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Ecosystems The health of terrestrial and subsurface ecosystems cdatéenined directly
by measuring the productivity and biodiversity of flora and fauna asdnre cases (such as
at Mammoth Mountain in California) indirectly by using remotasseg techniques such as
hyperspectral imaging (Martini and Silver, 2002; Onstott, 2005;é5cR005). In many areas
with natural CQ seeps, even those with very low £fluxes, the seeps are generally quite
conspicuous features. They are easily recognized in populated lao&asn agriculture and
natural vegetation, by reduced plant growth and the presencee@pifants of minerals
leached from rocks by acidic water. Therefore, any conspicutaisaild be quickly and
easily checked for excess g@oncentrations without any large remote-sensing ecosystem
studies or surveys. However, in desert environments where atiegeis sparse, direct
observation may not be possible. In addition to direct ecosystenvatisrs, analyses of sail
gas composition and soil mineralogy can be used to indicate the ggese€Q and its
impact on soil properties. Detection of elevated concentratibn€@ or evidence of
excessive soil weathering would indicate the potential for et@syimpacts.

For aquatic ecosystems, water quality and in particularpidwwould provide a diagnostic
for potential impacts. Direct measurements of ecosystem graithu@nd biodiversity can
also be obtained by using standard techniques developed for lakes ane etasystems.
There are a variety of strategies for monitoring releas€@f into the ocean from fixed
locations. Breweet al. (2005) observed a plume of G@ich sea water emanating from a
small scale experimental release at 4 km depth with ay afipH and conductivity sensors.
Measurements of ocegi and current profiles at sufficiently high temporal resolutionld

be used to evaluate the rate of QO®@lease, local COaccumulation and net transport away
from the site (Sundfjoraet al, 2001). Undersea video cameras can monitor the point of
release to observe GOlow. The very large sound velocity contrast between liquid, CO
(about 300 m ) and sea water (about 1,500 ) offers the potential for very efficient
monitoring of the liquid C@phase using acoustic techniques (e.g., sonar).

5.2.5 Network design and duration

There are currently no standard protocols or established netwoinsldsir monitoring
leakage of C@ Monitoring network design will depend on the objectives and reqameof

the monitoring programme, which will be determined by regwat@guirements and
perceived risks posed by the site (Chalaturnyk and Gunter, 200%).example, the
monitoring designed for the Weyburn Project uses seismic surgeystérmine the lateral
migration of CQ over time. This is compared with the simulations undertakeesmul the
operational practices of the @@ood. For health and safety, the programme is designed to
test groundwater for contamination and to monitor for gas build-wporking areas of the
field to ensure worker safety. The surface procedure also usssupE monitoring to ensure
that the fracture pressure of the formation is not exce@galaturnyk and Gunter, 2005).

The Weyburn Project is designed to assess the integrity ofl amservoir for long-term
storage of C@(Wilson and Monea, 2005). In this regard, the demonstrated abilsgishic
surveys to measure migration of @®@ithin the formation is important, but in the long term it
may be more important to detect £Dat has leaked out of the storage reservoir. In this case,
the monitoring programme should be designed to achieve the resolutioremsitivisy
needed to detect GOthat has leaked out of the reservoir and is migrating véytica
Chalaturnyk and Gunter (2005) suggest that an effectively designeiionmeg programme
should allow decisions to be made in the future that are based om@mngerpretation of the
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data. The data from the programme should also provide the irtfommecessary to decrease
uncertainties over time or increase monitoring demand if thingsl@® unexpectedly. The
corollary to this is that unexpected changes may result in tp@reenent of increased
monitoring until new uncertainties are resolved.

The purpose of long-term monitoring is to identify movement of, @@t may lead to
releases that could impact long-term storage security aety sa$ well as trigger the need for
remedial action. Long-term monitoring can be accomplished whe same suite of
monitoring technologies used during the injection phase. Howevtre @iresent time, there
are no established protocols for the kind of monitoring that vélirequired, by whom, for
how long and with what purpose. Geological storage of @@y persist over many millions
of years. The long duration of storage raises some questions abgttetm monitoring.
Several studies have attempted to address these issu#ls. akdi Wilson (2002) have
proposed that governments assume responsibility for monitoring laétective phase of the
storage project is over, as long as all regulatory requiresniirve been met during operation.
This study did not, however, specify long-term requirements fortoramg. Though perhaps
somewhat impractical in terms of implementation, Wrete al. (2003) suggested that
monitoring might be required for thousands of years. An alteeatint of view is presented
by Chow et al. (2003) and Bensoret al. (2004), who suggest that once it has been
demonstrated that the plume of £ no longer moving, further monitoring should not be
required. The rationale for this point of view is that longrt@nonitoring provides little value

if the plume is no longer migrating or the cessation of mgnatan be accurately predicted
and verified by a combination of modelling and short- to rardaitmonitoring.

Until long-term monitoring requirements are established (Stenhetusé, 2005) it is not
possible to evaluate which technology or combination of technolagiieadnitoring will be
needed or desired. However, today’s technology could be deployed tousontionitoring

the location of the COplume over very long time periods with sufficient accuracyskesas

the risk of the plume intersecting potential pathways, natwraliman, out of the storage site
into overlying zones. If C@escapes from the primary storage reservoir with no prospect of
remedial action to prevent leakage, technologies are availabieonitor the consequent
environmental impact on groundwater, soils, ecosystems antiibephere.

5.3 Verification of CO, injection and storage inventory

Overlap exists in usage between the terms ‘verification’ ‘amahitoring’. For this report,
‘verification’ is defined as the set of activities used ssessing the amount of Cthat is
stored underground and for assessing how much, if any, is leakingrita¢ke atmosphere.
Complete standard protocols have not been fully developed specifioaliserification of
geological storage. However, experience at the Weyburn anign&leprojects has
demonstrated the utility of various techniques for most if notagfiects of verification
(Wilson and Monea, 2005; Best Practice Manual, 2004). At the least, verification will
require measurement of the quantity of Q@bred. Demonstrating that it remains within the
storage site, from both a lateral and vertical migrationpeetsre, is likely to require some
combination of models and monitoring. Requirements may be sitédispdepending on the
regulatory environment, requirements for economic instruments &ndetree of risk of
leakage. The oversight for verification may be handled by regalaeither directly or by
independent third parties contracted by regulators under natonal |
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6 Risk assessment, management, and remediation

6.1 Frameworks for assessing environmental risks

The environmental impacts arising from geological storagéntal two broad categories:

Local environmental effects and
Global effects arising from the release of stored @Qhe atmosphere

Global effects of C@storage may be viewed as the uncertainty in the effecigeneCQ
storage. Local health, safety and environmental hazardsfiamsehree distinct causes:

Direct effects of elevated gas-phase,@0Oncentrations in the shallow subsurface and
near-surface environment;

Effects of dissolved C£on groundwater chemistry;

Effects that arise from the displacement of fluids by tijected CQ.

Risks are proportional to the magnitude of the potential hazards eupdotbability that these
hazards will occur. For hazards that arise from locally &ev&Q concentrations — in the
near-surface atmosphere, soil gas or in aqueous solution — thdepsksd on the probability
of leakage from the deep storage site to the surface. Regdhdisg risks associated with
routine operation of the facility and well maintenance, susks are expected to be
comparable to COEOR operations.

There are two important exceptions to the rule that risk is piopattto the probability of
release. First, local impacts will be strongly dependent on thilspad temporal distribution

of fluxes and the resulting G@oncentrations. Episodic and localized seepage will likelg te
to have more significant impacts per unit of J€leased than will seepage that is continuous
and or spatially dispersed. Global impacts arising fromaseleof CQ to the atmosphere
depend only on the average quantity released over time scales anfesletv centuries.
Second, the hazards arising from displacement, such as lkhef risduced seismicity, are
roughly independent of the probability of release.

Although there are limited experience with injection of ,for the explicit purpose of

avoiding atmospheric emissions, a wealth of closely relatedstrialu experience and
scientific knowledge exists that can serve as a basis foomte risk management.
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6.2 Processes and pathways for release of GGrom geological
storage sites

Carbon dioxide that exists as a separate phase (superclitjgl,or gas) may escape from
formations used for geological storage through the following path@e&gure 15):

Through the pore system in low-permeability caprocks such #essgslifethe capillary

entry pressure at which G@ay enter the caprock is exceeded;

Laterally along unconformities or along porous rocks that end wgadicttom

Through openings in the caprock or fractures and faults;

Through anthropomorphic pathways, such as poorly completed and/or abandoned pre-
existing wells.

For storage sites that are offshore,,@l@at has leaked may reach the ocean bottom sediments
and then, if lighter than the surrounding water, migrate up thrthakvater column until it
reaches the atmosphere. Depending upon the leakage rate, iitmeayemain as a separate
phase or completely dissolve into the water column. WhendX3olves, biological impacts

to ocean bottom and marine organisms will be of concern. For #iesewhere separate-
phase CQ@reaches the ocean surface, hazards to offshore platform worikgise of concern

for very large and sudden release rates.

Once through the vadose zone, escaping @@ches the surface layer of the atmosphere and
the surface environment, where humans and other animals can be expivset could be
hazardous. Therefore, this must be carefully considered iniskyassessment of a GO
storage site. Additionally, high subsurface Q©Oncentrations may accumulate in basements,
subsurface vaults and other subsurface infrastructures Wwherans may be exposed to risk.

Figure 15Some potential escape routes for Qjected into saline formations (IPCC, 2005).
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Injection wells and abandoned wells have been identified as dhe ofost probable leakage
pathways for C@storage projects (Gaséaal, 2004; Benson, 2005). When a well is drilled,
a continuous, open conduit is created between the land surfadeeathekp subsurface. If, at
the time of drilling, the operator decides that the tafgehation does not look sufficiently
productive, then the well is abandoned as a ‘dry hole’, in accoedaith proper regulatory
guidelines.

Drilling and completion of a well involve not only creation of a holg¢hie Earth, but also the
introduction of engineered materials into the subsurface, sucketscements and well
casing. The overall effect of well drilling is replacemefhsmall but potentially significant
cylindrical volumes of rock, including low-permeability caproakith anthropomorphic
materials that have properties different from those of tiginat materials. A number of
possible leakage pathways can occur along abandoned wellsusagatéld in Figure 16
(Gasdeet al, 2004).

These include leakage between the cement and the outsidecabihg (Figure 16a), between
the cement and the inside of the metal casing (Figure 16t)invthe cement plug itself
(Figure 16c), through deterioration (corrosion) of the metal caSiiggire 16d), deterioration
of the cement in the annulus (Figure 16e) and leakage in theaarmegion between the
formation and the cement (Figure 16f). The potential for long-t&¥gradation of cement and
metal casing in the presence of £i® a topic of extensive investigations at this time (e.qg.
Schereet al, 2005).

Figure 16 Possible leakage pathways in an abandoned welkr(@d)(b) between casing and cement wall and
plug, respectively; (c) through cement plugs; f@dpugh casing; (e) through cement wall; and (fMeen the
cement wall and rock (after Gaselaal, 2004).
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The risk of leakage through abandoned wells is proportional to the nuofbeells
intersected by the COplume, their depth and the abandonment method used. For mature
sedimentary basins, the number of wells in proximity to a possijgletion well can be large,

on the order of many hundreds. For example, in the Alberta BasinstenveCanada, more
than 350,000 wells have been drilled. Currently, drilling contina¢sthe rate of
approximately 20,000 wells per year. The wells are distribupadiadly in clusters, with
densities that average around four wells pef (@asdaet al, 2004). These data provides that
storage security in mature oil and gas provinces may be congmtrifia large number of
wells penetrate the caprocks. Steps need to be takedresa this potential risk.

6.3 Risk assessment methodology

Risk assessment aims to identify and quantify potential risks atangethe subsurface
injection of CQ, where risk denotes a combination (often the product) of the lptitypaf an
event happening and the consequences of the event. Risk assedwn&hte an integral
element of risk-management activities, spanning site tsefecsite characterization, storage
system design, monitoring and, if necessary, remediation.opkeation of a C@storage
facility will necessarily involve risks arising from tluperation of surface facilities such as
pipelines, compressors and wellheads. The assessment ofsikgcls nioutine practice in the
oil and gas industry and available assessment methods likedhazd operability and
guantitative risk assessment are directly applicable. Ass=# of such risks can be made
with considerable confidence, because estimates of failure plibalzind the consequences
of failure can be based directly on experience. Techniques usassEssment of operational
risks will not, in general, be readily applicable to assesswierisks arising from long-term
storage of C@Qunderground. However, they are applicable to the operating phasstorage
project. The remainder of this subsection addresses thedongisks.

Risk assessment methodologies are diverse; new methodologiesirariesponse to new
classes of problems. Because analysis of the risks posedlbgigal storage of C&Os a new
field, no well-established methodology for assessing sukh egists. Methods dealing with
the long-term risks posed by the transport of materials through tharfades have been
developed in the area of hazardous and nuclear waste managenoegkifidon and
Sumerling, 1990; North, 1999). These techniques provide a useful basssésising the risks
of CQ, storage. Their applicability may be limited, however, beeathe focus of these
techniques has been on assessing the low-volume disposal dcwezanaterials, whereas
the geological storage of GOis high-volume disposal of a material that involves
comparatively mild hazards.

Several substantial efforts are under way to assess ksepased by particular storage sites
(Gale, 2003). These risk assessment activities cover arange of reservoirs, use a diversity
of methods and consider a very wide class of risks. The descriptianrepresentative
selection of these risk assessment efforts is summariZzeabie 3.
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Table 3Representative selection of risk assessment maddlgfforts (IPCC, 2005).

Project title Description and status

Weyburn/ECOMatters New model, CQUESTRA, developed to enable probatuilissk assessment. A simple box
model is used with explicit representation of tyzgors between boxes caused by failure of
wells.

Weyburn/Monitor Scientific| Scenario-based modelling that uses an industrglatdneservoir simulation tool
(Eclipse3000) based on a realistic model of knoggervoir conditions. Initial treatment of
wells involves assigning a uniform permeability.

NGCAS/ECL technology | Probabilistic risk assessment using fault treefiElE (features, events and processes)
database. Initial study focused on the Fortiesuad gas field located offshore in the North
Sea. Concluded that flow through caprock transppedvection in formation waters not
important, work on assessing leakage due to willirés ongoing.

SAMARCADS (safety Methods and tools for HSE risk assessment appmiéda storage systems an onshore gas

aspects of CO2 storage) | storage facility and an offshore formation.

RITE Scenario-based analysis of leakage riskslamge offshore formation. Will assess scenarios
involving rapid release through faults activatedskismic events.

Battelle Probabilistic risk assessment of an orsfamation storage site that is intended to
represent the Mountaineer site.

GEODISC Completed a quantitative risk assessment for fibes é1 Australia: the Petrel Sub-basin; the

Dongra depleted oil and gas field; the offshorepSland Basin; and, offshore Barrow
Island. Also produced a risk assessment reportattditessed the socio-political needs of
stakeholders.

UK-DTI Probabilistic risk assessment of failuressimface facilities that uses models and operdtiona
data. Assessment of risk of release from geologimahge that uses an expert-based Delphi
process.

The development of a comprehensive catalogue of the risks and ofidtiganisms that
underlie them provides a good foundation for systematic risk assgsshiany of the
ongoing risk assessment efforts are now cooperating to ideritisgify and screen all factors
that may influence the safety of storage facilities, bpgighe features, events and processes
(FEP) methodology. In this contexXgaturesinclude a list of parameters, such as storage
reservoir permeability, caprock thickness and number of injectvells. Eventsinclude
processes such as seismic events, well blow-outs and pemetshtihe storage site by new
wells. Processegefer to the physical and chemical processes, such asphagé flow,
chemical reactions and geomechanical stress changes thanoe storage capacity and
security. FEP databases tie information on individual FEPgléwant literature and allow
classification with respect to likelihood, spatial scale, am# scale and so on. However,
there are alternative approaches.

Most risk assessments involve the use of scenarios thatlepossible future states of the
storage facility and events that result in leakage of @ther risks. Each scenario may be
considered as an assemblage of selected FEPs. Some risknas#s define a reference
scenario that represents the most probable evolution of the sy&eiamt scenarios are then
constructed with alternative FEPs. Various methods are ossimiucture and rationalize the
process of scenario definition in an attempt to reduce the rodailpéctive judgements in
determining the outcomes.

Scenarios are the starting points for selecting and developtlgematical-physical models
(Section 4.2). Such performance assessment models may in@pdEsentations of all
relevant components including the stored,(fe reservoir, the seal, the overburden, the soil
and the atmosphere. Many of the fluid transport models used forsssksanent are derived
from (or identical to) well-established models used in the oil gasl or groundwater
management industries (Section 4.2). The detail or resolutioraradus components may
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vary greatly. Some models are designed to allow explie#timent of uncertainty in input
parameters (Saripaklit al, 2003; Stenhouset al, 2005; Wildenborget al, 2005a).

Our understanding of abandoned-well behaviour over long time scaegprissent relatively
poor. Several groups are now collecting data on the performaneeelb construction
materials in high-C@environments and building wellbore simulation models that will couple
geomechanics, geochemistry and fluid transport (Schetrat, 2005; Wilson and Monea,
2005). The combination of better models and new data should enable ébeation of
physically based predictive models of wellbore performance intgedaperformance-
assessment models, enabling more systematic assesseatkiagie from wells.

The parameter values (e.g., permeability of a caprock) anstiheture of the performance
assessment models (e.g., the processes included or exclulethoth be, in general,
uncertain. Risk analysis may or may not treat this uncéytarplicitly. When risks are
assessed deterministically, fixed parameter values camsen to represent the (often
unknown) probability distributions. Often the parameter valueseaexted ‘conservatively’;
that is, they are selected so that risks are overdstiimalthough in practice such selections
are problematic because the relationship between the paranetiaad the risk may itself
be uncertain.

Wherever possible, it is preferable to treat uncertainty @#pli In probabilistic risk
assessments, explicit probability distributions are used for ¢oradl) parameters. Methods
such as Monte Carlo analysis are then used to produce probdlstiiputions for various
risks. The required probability distributions may be derived dirdaily data or may involve
formal quantification of expert judgements (Morgan and Henrion, 1989%0me cases,
probabilistic risk assessment may require that the models Ipéif@chbecause of limitations
on available computing resources.

Studies of natural and engineered analogues provide a strongfdrasisderstanding and
guantifying the health, safety and environmental risks that faase CO, that seeps from the
shallow subsurface to the atmosphere. Natural analogues &esditility in assessing the
likelihood of various processes that transport,@®@m the storage reservoir to the near-
surface environment. This is because the geological ckaraicsuch analogues (e.g., £0
transport and seepage in highly fractured zones shaped by volcavilstgpically be very
different from sites chosen for geological storage. Engineerddgaes such as natural gas
storage and C£EOR can provide a basis for deriving quantitative probabilisbdets of
well performance.

Results from actual risk and assessment fos €€@rage are provided in 6.4.

6.4 Probability of release from geological storage site

Storage sites will presumably be designed to confine alkttegeCQ for geological time
scales. Nevertheless, experience with engineered systaggests a small fraction of
operational storage sites may release, Q0O the atmosphere. No existing studies
systematically estimate the probability and magnitude of seleaross a sample of credible
geological storage systems. In the absence of such stiidéesection synthesizes the lines of
evidence that enable rough quantitative estimates of acheefralotions retained in storage.
Five kinds of evidence are relevant to assessing storaggiediess:
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Data from natural systems, including trapped accumulationswfahgas and C§ as

well as olil;

Data from engineered systems, including natural gas stogagere-injection for
pressure support, GOor miscible hydrocarbon EOR, disposal of acid gases and
disposal of other fluids;

Fundamental physical, chemical and mechanical processes regérdirfgte and
transport of CQin the subsurface;

Results from numerical models of €@ansport;

Results from current geological storage projects.

6.4.1 Natural systems

Natural systems allow inferences about the quality and quantggaldgical formations that
could be used to store GOThe widespread presence of oil, gas and, @@pped in
formations for many millions of years implies that within seditagy basins, impermeable
formations (caprocks) of sufficient quality to confine £for geological time periods are
present. For example, the about 200 Mt,@@pped in the Pisgah Anticline, northeast of the
Jackson Dome (Mississippi), is thought to have been generatedténdretaceous times,
more than 65 million years ago (Studliekal, 1990). Retention times longer than 10 million
years are found in many of the world’s petroleum basins (Bradehaly 2005). Therefore
evidence from natural systems demonstrates that reseratsresast that are able to confine
CO; for millions of years and longer.

6.4.2 Engineered systems

Evidence from natural gas storage systems enables penfmenassessments of engineered
barriers (wells and associated management and remediationdfathé performance of
natural systems that have been altered by pressure cyclipgn(ann and Benson, 2003;
Perry, 2005). Approximately 470 natural gas storage facilitiesarrently operating in the
United States with a total storage capacity exceeding 160 tdtahayas. There have been
nine documented incidents of significant leakage: five welaed to wellbore integrity, each
of which was resolved by reworking the wells; three arose feaks in caprocks, two of
which were remediated and one of which led to project abandonileatfinal incident
involved early project abandonment owing to poor site selectiomy(FPx05). There are no
estimates of the total volumes of gas lost resulting frakadge across all the projects. In one
recent serious example of leakage, involving wellbore failugefacility in Kansas, the total
mass released was about 3000 t (Lee, 2001), equal to less than @D@&%dotal gas in
storage in the United States and Canada. The capacity-egightdian age of the
approximately 470 facilities exceeds 25 years. Given that #ns&S failure was among the
worst in the cumulative operating history of gas storage tiasilithe average annual release
rates, expressed as a fraction of stored gas releasedapeargelikely below 16. While such
estimates of the expected (or statistical average) elaedss are a useful measure of storage
effectiveness, they should not be interpreted as implying thedise will be a continuous
process. The performance of natural gas storage systeynbaragarded as a lower bound
on that of CQ storage. One reason for this is that natural gas systengesigned for (and
subject to) rapid pressure cycling that increases the prdigatiilicaprock leakage. On the
other hand, C@will dissolve in pore waters (if present), thereby redudiggrisk of leakage.
Perhaps the only respect in which gas storage systems pmsgentisks is that Ciis less
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corrosive than C@to metallic components, such as well casings. Risks arerhigtiee case
of leakage from natural gas storage sites because thnmeable nature of the gas.

6.4.3 Fate of CQ in the subsurface

As described in Section 3.2, scientific understanding of GOrage and in particular
performance of storage systems rests on a large body of knowiedggdrogeology,
petroleum geology, reservoir engineering and related geoscieBoe®nt evaluation has
identified a number of processes that alone or in combinadiorresult in very long-term
storage. Specifically, the combination of structural andtigtemhic trapping of separate-
phase C®@ below low-permeability caprocks, residual £apping, solubility trapping and
mineral trapping can create secure storage over geologieastales.

6.4.4 Numerical simulations of long-term storage performee

Simulations of C@ confinement in large-scale storage projects suggest nigtecting
abandoned wells, the movement of QBrough the subsurface will be slow. For example,
Cawleyet al.(2005) studied the effect of uncertainties in parameters suble #iew velocity

in the aquifer and capillary entry pressure into caprock in éx@mination of C@storage in
the Forties Qilfield in the North Sea. Over the 1000 year Soae examined in their study,
Cawleyet al. (2005) found that less than 0.2% of the stored €Qters into the overlying
layers and even in the worse case, the maximum verigtainde moved by any of the €O
was less than halfway to the seabed. Similarly, LindebedyBergmo (2003) studied the
Sleipner field and found that G@vould not begin to escape due to molecular diffusion into
the North Sea for 100,000 years and that even after a million theaannual rate of release
would be about 16 of the stored C@per year.

Simulations designed to explore the possible release of storgdidCthe biosphere by
multiple routes, including abandoned wells and other disturbances,réeametly become
available as a component of more general risk assessmeiritezc{Section 6.5). Two studies
of the Weyburn site, for example, assessed the probabilislezse to the biosphere. Walton
et al. (2005) used a fully probabilistic model, with a simplified reprgation of CQ®
transport, to compute a probability distribution for the cumulatieetiion released to the
biosphere. Waltoret al. found that after 5000 years, the probability was equal that the
cumulative amount released would be larger or smaller than Q(ti€omedian release
fraction) and found a 95% probability that <1% of the total amount stwoett be released.
Using a deterministic model of G@ransport in the subsurface, Zheual. (2005) found no
release to the biosphere in 5000 years. While using a probahitistiel of transport through
abandoned wells, they found a statistical mean release of 0.80d% maximum release of
0.14% (expressed as the cumulative fraction of storedr€l@ased over 5000 years).

In saline formations or oil and gas reservoirs with signifidairte content, much of the GO
will eventually dissolve in the brine (Figure 8), be trappedaa®sidual immobile phase
(Figure 9) or be immobilized by geochemical reactions. The soae for dissolution is
typically short compared to the time for €@ migrate out of the storage formation by other
processes (Ennis-King and Paterson, 2003; Lindeberg and Bergmo, 2@G8n @t al,
2005). It is expected that many storage projects could betesgtlend operated so that a very
large fraction of the injected GQwill dissolve. Once dissolved, GQran eventually be
transported out of the injection site by basin-scale circulaifonpward migration, but the
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time scales (millions of years) of such transport are #fyisufficiently long that they can
(arguably) be ignored in assessing the risk of leakage.

As described in Section 2.4, several £&orage projects are now in operation and being
carefully monitored. While no leakage of stored, @Dt of the storage formations has been
observed in any of the current projects, time is too short andllovenaitoring too limited, to
enable direct empirical conclusions about the long-term perfoenahgeological storage.
Rather than providing a direct test of performance, the duprejects improve the quality of
long-duration performance predictions by testing and sharpening undemgtaofdiCQ
transport and trapping mechanisms.

6.4.5 Assessment of underground G@etention

Assessment of the fraction retained for geological storaggeqgts is highly site-specific,
depending on (1) the storage system design, including the geolobaacteristics of the
selected storage site; (2) the injection system and detaservoir engineering; and (3) the
methods of abandonment, including the performance of well-seatitndlogies. If the
above information is available, it is possible to estimatefridigtion retained by using the
models described in Section 4.2 and risk assessment methods etksoriBection 6.5.
Therefore, it is also possible, in principle, to estimate éRpected performance of an
ensemble of storage projects that adhere to design guidslimbsas site selection, seal
integrity, injection depth and well closure technologies.

For large-scale operational @G&torage projects, assuming that sites are well selected
designed, operated and appropriately monitored, the balance Ebéevavidence suggests
the following (Waltoret al, 2005):

It is very likely the fraction of stored GQ@etained is more than 99% over the first 100
years.
It is likely the fraction of stored C{Qretained is more than 99% over the first 1000
years.

It is important to note that such probabilistic performance andasskssment is primarily
based on the experiences gained from storage of oil and ngdsredservoirs.

6.5 Possible local and regional environmental hazards

6.5.1 Potential hazards to human health and safety

Risks to human health and safety arise (almost) excludinaty elevated C@concentrations
in ambient air, either in confined outdoor environments, in cavesnobuildings.
Physiological and toxicological responses to elevated €@centrations are relatively well
understood. At concentrations above about 2%, @&s a strong effect on respiratory
physiology and at concentrations above 7-10%, it can cause unconsciousneesatand
Exposure studies have not revealed any adverse health effect ofcclesqusure to
concentrations below 1%.

The principal challenge in estimating the risks posed by & might seep from storage
sites lies in estimating the spatial and temporal distobutf CQ fluxes reaching the
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shallow subsurface and in predicting ambient, €@ncentration resulting from a given €0
flux. Concentrations in surface air will be strongly infloed by surface topography and
atmospheric conditions. Because {©50% denser than air, it tends to migrate downwards,
flowing along the ground and collecting in shallow depressions, pdigrdi@ating much
higher concentrations in confined spaces than in open terrain

Seepage of COis not uncommon in regions influenced by volcanism. Naturally ocaurri
releases of COprovide a basis for understanding the transport of f&@n the vadose zone
to the atmosphere, as well as providing empirical data itiiatdO, fluxes into the shallow
subsurface with C@concentrations in the ambient air — and the consequent healthfetyd sa
risks. Such seeps do not, however, provide a useful basis foratisty the spatial and
temporal distribution of C@fluxes leaking from a deep storage site, because (in gettezal)
seeps occur in highly fractured volcanic zones, unlike the inteofostable sedimentary
basins, the likely locations for GQtorage (Section 2.2).

Natural seeps are widely distributed in tectonically actagians of the world (Morner and
Etiope, 2002). In central Italy, for example, £© emitted from vents, surface degassing and
diffuse emission from C&rich groundwater. Fluxes from vents range from less than 100 to
more than 430 tCOday”, which have shown to be lethal to animal and plants. At Poggio
dell’Ulivo, for example, a flux of 200 tCQday™ is emitted from diffuse soil degassing. At
least ten people have died from O®leases in the region of Lazio over the last 20 years.

Natural and engineered analogues show that it is possible, thogpgbbable, that slow
releases from Cfstorage reservoirs will pose a threat to humans. Suddenirophéas
releases of natural accumulations of ;Cave occurred, associated with volcanism or
subsurface mining activities. Thus, they are of limited @lee to understanding risks arising
from CQ, stored in sedimentary basins. However, mining or drilling insareth CQ storage
sites may pose a long-term risk after site abandonment itubimtal knowledge and
precautions are not in place to avoid accidentally penetratstgrage formation.

6.5.2 Hazards to groundwater from C{Qeakage and brine displacement

Increases in dissolved G@oncentration that might occur as £Rigrates from a storage
reservoir to the surface will alter groundwater chemistry, sty affecting shallow
groundwater used for potable water and industrial and agriculteesdsn Dissolved CO
forms carbonic acid, altering the pH of the solution and potentallsing indirect effects,
including mobilization of (toxic) metals, sulphate or chloride; and pbssiiving the water
an odd odour, colour or taste. In the worst case, contamination raggit dangerous levels,
excluding the use of groundwater for drinking or irrigation.

The injection of CQor any other fluid deep underground necessarily causes changes-in por
fluid pressures and in the geomechanical stress fields that fandeyond the volume
occupied by the injected fluid. Brines displaced from deep foomsitby injected C©Ocan
potentially migrate or leak through fractures or defectivelsw shallow aquifers and
contaminate shallower drinking water formations by increasing #gadinity. In the worst
case, infiltration of saline water into groundwater or intoshallow subsurface could impact
wildlife habitat, restrict or eliminate agricultural uskland and pollute surface waters.
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6.5.3 Hazards to terrestrial and marine ecosystems

Stored CQ and any accompanying substances, may affect the flora and fanahich it
comes into contact. Impacts might be expected on microbes umetye subsurface and on
plants and animals in shallower soils and at the surface. Thein@en of this discussion
focuses only on the hazards where exposures todoccur. As discussed in Section 6.3,
the probability of leakage is low. Nevertheless, it is ingoar to understand the hazards
should exposures occur.

In the last three decades, microbes dubbed ‘extremophiles’, liviegvironments where life
was previously considered impossible, have been identified in many undsighabitats.
These microorganisms have limited nutrient supply and exhibit keevymetabolic rates
(D’'Hondt et al, 2002). Recent studies have described populations in deep salirzidosn
(Haveman and Pedersen, 2001); oil and gas reservoirs (Qephiri2000) and sediments up
to 850 m below the sea floor (Parletsal, 2000). The mass of subsurface microbes may well
exceed the mass of biota on the Earth’'s surface (Whitetaal, 2001). The working
assumption may be that unless there are conditions preventingcigbes can be found
everywhere at the depths being considered fos &0Grage and consequently £€torage
sites may generally contain microbes that could be affdsténjected CQ

The effect of C@ on subsurface microbial populations is not well studied. Apblwhigh-
CO, environment may favour some species and harm others. In stroadlying
environments, the injection of G@nay stimulate microbial communities that would reduce
the CQ to CH4; while in other reservoirs, G@jection could cause a short-term stimulation
of Fe (lll)-reducing communities (Onstott, 2005). From an operatipegpective, creation
of biofilms may reduce the effective permeability of themation.

Should CQ leak from the storage formation and find its way to theaserfit will enter a
much more biologically active area. While elevated, @@ncentrations in ambient air can
accelerate plant growth, such fertilization will generallyowerwhelmed by the detrimental
effects of elevated COn soils, because GQluxes large enough to significantly increase
concentrations in the free air will typically be associatedhwnuch higher C®
concentrations in soils. The effects of elevated, €@ncentrations would be mediated by
several factors: the type and density of vegetation; the exg@deuother environmental
stresses; the prevailing environmental conditions like winddspad rainfall; the presence of
low-lying areas; and the density of nearby animal populations.

The main characteristic of long-term elevated ,Cfnes at the surface is the lack of
vegetation. New C@releases into vegetated areas cause noticeable digrdffode areas
where significant impacts to vegetation have occurred, i@ékes up about 20-95% of the
soil gas, whereas normal soil gas usually contains about 0.2-@9%0 GCarbon dioxide
concentrations above 5% may be dangerous for vegetation and as i@imremrtpproach
20%, CQ becomes phytotoxic. Carbon dioxide can cause death of plants thiroagh
anoxia’, together with low oxygen concentration (Le@nteal, 1977; Floweret al, 1981).
One example of plant die-off occurred at Mammoth Mountain,f@ala, USA, where a
resurgence of volcanic activity resulted in high-GlOxes.

There is no evidence of any terrestrial impact from cur@Di storage projects. Likewise,
there is no evidence from EOR projects that indicate imgacteegetation such as those
described above. However, no systematic studies have occutoedk for terrestrial impacts
from current EOR projects. Natural €@eepage in volcanic regions, therefore, provides
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examples of possible impacts from leaky (3rage, although (as mentioned in Section 6.3)
seeps in volcanic provinces provide a poor analogue to seepage thdioaour from CQ
storage sites in sedimentary basins.

The relevance of these natural analogues to leakage fronmstGfage varies. For examples
presented here, the fluxes and therefore the risks are mgicér than might be expected
from a CQ storage facility: the annual flow of G@t the Mammoth Mountain site is roughly
equal to a release rate on the order of 0.2% yr-1 from ag&t@ite containing 100 MtGO
This corresponds to a fraction retained of 13.5% over 1000 years tlaumgl, is not
representative of a typical storage site.

Seepage from offshore geological storage sites may poseaed tazbenthic environments
and organisms as the g@oves from deep geological structures through benthic sediments
to the ocean. While leaking G@night be hazardous to the benthic environment, the seabed
and overlying seawater can also provide a barrier, reducingstiame of seeping G@ the
atmosphere. No studies specifically address the environmefaatsedf seepage from sub-
seabed geological storage sites.

6.5.4 Induced seismicity

Underground injection of CQOor other fluids into porous rock at pressures substantially
higher than formation pressures can induce fracturing and movemagtfaldts (Healyet

al., 1968; Gibbset al, 1973; Raleigret al, 1976; Sminchalet al, 2002; Streitet al, 2005;

Wo et al, 2005). Induced fracturing and fault activation may pose two kindsksd. First,
brittle failure and associated microseismicity induced by gwessuring can create or
enhance fracture permeability, thus providing pathways for unwa@dnigration (Streit
and Hillis, 2003). Second, fault activation can, in principle, iedearthquakes large enough
to cause damage (e.g., Heatyal, 1968).

Fluid injection into boreholes can induce microseismic acti@syfor example at the Rangely
Oil Field in Colorado, USA (Gibbst al, 1973; Raleigtet al, 1976), in test sites such as the
drillholes of the German continental deep drilling programnme&8oet al, 1997; Zoback
and Harjes, 1997) or the Cold Lake Oil Field, Alberta, CanadelTet al, 1998). Deep-
well injection of waste fluids may induce earthquakes with naiddpcal magnitudes (1),

as suggested for the 1967 Denver earthquakds (ivb.3; Healyet al, 1968; Wyss and
Molnar, 1972) and the 1986-1987 Ohio earthquakdsd¢i¥.9; Ahmad and Smith, 1988) in
the United States. Seismicity induced by fluid injection is uguadisumed to result from
increased pore-fluid pressure in the hypocentral region of theisasent (e.g., Healgt al,
1968; Talebkt al, 1998).

Readily applicable methods exist to assess and control inductarifrgar fault activation.
Several geomechanical methods have been identified for iagstss stability of faults and
estimating maximum sustainable pore-fluid pressures foy &@rage (Streit and Hillis,
2003). Such methods, which require the determination situ stresses, fault geometries and
relevant rock strengths, are based on brittle failurerieritnd have been applied to several
study sites for potential GGtorage (Riget al, 2001; Gibson-Poolet al, 2002).

The monitoring of microseismic events, especially in theniticiof injection wells, can

indicate whether pore fluid pressures have locally exceddesttength of faults, fractures or
intact rock. Acoustic transducers that record microseisngatevin monitoring wells of CO
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storage sites can be used to provide real-time control to kgepion pressures below the
levels that induce seismicity. Together with the modelliaghniques mentioned above,
monitoring can reduce the chance of damage to top sealawdnseals (at C@storage sites)
caused by injection-related pore-pressure increases.

Fault activation is primarily dependent on the extent and magrofuithe pore-fluid-pressure
perturbations. It is therefore determined more by the quamidyrate than by the kind of
fluid injected. Estimates of the risk of inducing significaartequakes may therefore be
based on the diverse and extensive experience with deep-veeliionj of various aqueous
and gaseous streams for disposal and storage. Perhaps the niosbtpexperience is the
injection of CQ for EOR; about 30 MtC@yr-1 is now injected for EOR worldwide and the
cumulative total injected exceeds 0.5 G#C®et there have been no significant seismic
effects attributed to C£EOR. In addition to C@) injected fluids include brines associated
with oil and gas production (>2 Gt V); Floridan aquifer wastewater (>0.5 Gt Yr
hazardous wastes (>30 Mt$); and natural gas (>100 Mty (Wilsonet al, 2003).

While few of these cases may precisely mirror the conditiorder which C@ would be
injected for storage (the peak pressures in-EOR may, for example, be lower than would
be used in formation storage), these quantities compareetxceed, plausible flows of GO
into storage. For example, in some cases such as the RandgeReldj USA, current
reservoir pressures even exceed the original formation prgg&aleighet al, 1976). Thus,
they provide a substantial body of empirical data upon which to sasseslikelihood of
induced seismicity resulting from fluid injection. The fact tbaly a few individual seismic
events associated with deep-well injection have been recandgdsis that the risks are low.
Perhaps more importantly, these experiences demonstratéehatgulatory limits imposed
on injection pressures are sufficient to avoid significant ctige-induced seismicity.
Designing CQ storage projects to operate within these parameters stoplaskible.
Nevertheless, because formation pressures insBage formations may exceed those found
in CO,-EOR projects, more experience with industrial-scale, G@rage projects will be
needed to fully assess risks of microseismicity.

6.5.5 Implications of gas impurity

Under some circumstances3] SQ, NO, and other trace gases may be stored along with
CO;, (Bryant and Lake, 2005; Knauss al, 2005) and this may affect the level of risk. For
example, HS is considerably more toxic than €énd well blow-outs containing23 may
present higher risks than well blow-outs from storage flit@scontain only C@ Similarly,
dissolution of S@in groundwater creates a far stronger acid than does dissoluti®®,pf
hence, the mobilization of metals in groundwater and soils maygherileading to greater
risk of exposure to hazardous levels of trace metals. While llasraot been a systematic and
comprehensive assessment of how these additional constituents aftedt the risks
associated with COstorage, it is worth noting that at Weyburn, one of the mastfudly
monitored CQ injection projects and one for which a considerable effort has deeted to
risk assessment, the injected gas contains approximatel,3%Wilson and Monea, 2005).
To date, most risk assessment studies have assumed that onlis Gtred; therefore,
insufficient information is available to assess the risk®@ated with gas impurities at the
present time.
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6.6 Risk management

Risk management entails the application of a structured ggdoeidentify and quantify the
risks associated with a given process, to evaluate ttedgeg into account stakeholder input
and context, to modify the process to remove excess risks and tdyidamdi implement
appropriate monitoring and intervention strategies to managerttaming risks.

For geological storage, effective risk mitigation consi$tour interrelated activities:

Careful site selection, including performance and risk assessi@hapter 4) and
socio-economic and environmental factors;

Monitoring to provide assurance that the storage project is perigras expected and
to provide early warning in the event that it begins to (€llapter 5);

Effective regulatory oversight (not discussed);

Implementation of remediation measures to eliminate or limitchkuses and impacts
of leakage (Section 6.7).

Risk management strategies must use the inputs from thassessment process to enable
guantitative estimates of the degree of risk mitigatioat ttan be achieved by various
measures and to establish an appropriate level of monitoring, wéhvéntion options
available if necessary. Experience from natural gas stgegiects and disposal of liquid
wastes has demonstrated the effectiveness of this appmaisk mitigation (Wilsoret al,
2003; Apps, 2005; Perry, 2005).

6.7 Remediation of leaking storage projects

Geological storage projects will be selected and operated to leabage. However, in rare

cases, leakage may occur and remediation measures wileloied, either to stop the leak or
to prevent human or ecosystem impact. Moreover, the availadiiligmediation options may

provide an additional level of assurance to the public that gealogfiorage can be safe and
effective. While little effort has focused on remediation optithns far, Benson and Hepple
(2005) surveyed the practices used to remediate natural gasegpoogerts, groundwater and
soil contamination, as well as disposal of liquid waste in desogical formations. On the

basis of these surveys, remediation options were identifiechdst of the leakage scenarios
that have been identified, namely:

Leaks within the storage reservoir;

Leakage out of the storage formation up faults and fractures;
Shallow groundwater;

Vadose zone and soil;

Surface fluxes;

CQ; in indoor air, especially basements;

Surface water.
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Table 4. Remediation options for geological &rage projects (after Benson and Hepple, 2005).

Scenario

Remediation options

Leakage up
faults, fractures
and spill points

« Lower injection pressure by injecting at a lowegie or through more wells (Buschbach and
Bond, 1974);

« Lower reservoir pressure by removing water oepftuids from the storage structure;

« Intersect the leakage with extraction wells ia ticinity of the leak;

« Create a hydraulic barrier by increasing themasepressure upstream of the leak;

« Lower the reservoir pressure by creating a paghiwaccess new compartments in the storag
reservoir;

« Stop injection to stabilize the project;

« Stop injection, produce the CO2 from the stonagervoir and reinject it back into a more
suitable storage structure.

Leakage through
active or
abandoned wells

« Repair leaking injection wells with standard welcompletion techniques such as replacing
injection tubing and packers;

« Repair leaking injection wells by squeezing cetihind the well casing to plug leaks behin
the casing;

« Plug and abandon injection wells that cannotdpaired by the methods listed above;

« Stop blow-outs from injection or abandoned welih standard techniques to ‘kill" a well such
as injecting a heavy mud into the well casing. Aétentrol of the well is re-established, the
recompletion or abandonment practices describedeat@n be used. If the wellhead is not
accessible, a nearby well can be drilled to interrtiee casing below the ground surface and ‘ki
the well by pumping mud down the interception WBIDGGR, 1974).

Accumulation

of CO2 in the
vadose zone and
soil gas

« Accumulations of gaseous CO2 in groundwater @removed or at least made immobile, by
drilling wells that intersect the accumulations axtracting the CO2. The extracted CO2 coulg
be vented to the atmosphere or reinjected baclaistatable storage site;

« Residual CO2 that is trapped as an immobile gas@ can be removed by dissolving it in wa
and extracting it as a dissolved phase throughrgiwater extraction well;

* CO2 that has dissolved in the shallow groundwedeitd be removed, if needed, by pumping
the surface and aerating it to remove the CO2.gfbendwater could then either be used direq
or reinjected back into the groundwate;

« If metals or other trace contaminants have beebilined by acidification of the groundwater,
‘pump-and-treat’ methods can be used to remove tidternatively, hydraulic barriers can be
created to immobilize and contain the contaminagtappropriately placed injection and
extraction wells. In addition to these active methof remediation, passive methods that rely
natural biogeochemical processes may also be used.

Leakage into the
vadose zone and
accumulation in

soil gas (Looney
and Falta, 2000)
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* CO2 can be extracted from the vadose zone ahda®by standard vapor extraction technigyies

from horizontal or vertical wells;

« Fluxes from the vadose zone to the ground suidaaéd be decreased or stopped by caps or
vapour barriers. Pumping below the cap or vapornidrecould be used to deplete the
accumulation of CO2 in the vadose zone;

« Since CO2 is a dense gas, it could be collectedibsurface trenches. Accumulated gas could

be pumped from the trenches and released to thesptrare or reinjected back underground;

« Passive remediation techniques that rely onlgi€fasion and ‘barometric pumping’ could be
used to slowly deplete one-time releases of CQ2thre vadose zone. This method will not be
effective for managing ongoing releases becauseélatively slow;

« Acidification of the soils from contact with CQ®uld be remediated by irrigation and draina
Alternatively, agricultural supplements such aslicould be used to neutralize the soil;

Large releases
of CO2 to the
atmosphere

« For releases inside a building or confined spkege fans could be used to rapidly dilute CO
to safe levels;

« For large releases spread out over a large aitatipn from natural atmospheric mixing (wind
will be the only practical method for diluting tx02;

« For ongoing leakage in established areas, riskgmosure to high concentrations of CO2 in
confined spaces (e.g. cellar around a wellheadpong periods of very low wind, fans could b
used to keep the rate of air circulation high efmotagensure adequate dilution.

Accumulation

of CO2 in indoor
environments

with chronic low level
leakage

« Slow releases into structures can be eliminayeasing techniques that have been developed
controlling release of radon and volatile orgardmpounds into buildings. The two primary
methods for managing indoor releases are basemlestyscture venting or pressurization. Bot
would have the effect of diluting the CO2 beforeriters the

indoor environment (Gadgdt al, 1994; Fischeet al, 1996).

Accumulation in
surface water

« Shallow surface water bodies that have signititamover (shallow lakes) or turbulence
(streams) will quickly release dissolved CO2 bath the atmosphere;

« For deep, stably stratified lakes, active syst@ansenting gas accumulations have been
developed and applied at Lake Nyos and Monoun iméZaon
(http://perso.wanadoo.fr/mhalb/nyos/).

J
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Identifying options for remediating leakage of £@®om active or abandoned wells is
particularly important, because they are known vulnerabilit@®@ssdaet al, 2004; Perry,
2005). Stopping blow-outs or leaks from injection or abandoned wells cancbenplished
with standard techniques, such as injecting a heavy mud into theaswlg. If the wellhead
is not accessible, a nearby well can be drilled to intetbeptasing below the ground surface
and then pump mud down into the interception well. After controthef well is re-
established, the well can be repaired or abandoned. Leakintianje®lls can be repaired by
replacing the injection tubing and packers. If the annular dpalsid the casing is leaking,
the casing can be perforated to allow injection (squeezing)noémiebehind the casing until
the leak is stopped. If the well cannot be repaired, ithmrabandoned by following the
procedure outlined (IPCC, 2005; Section 5.5.2)

Table 4 provides an overview of the remediation options avaifabléhe leakage scenarios
listed above. Some methods are well established, while sotaey more speculative.
Additional detailed studies are needed to further assess tibiligaof applying these to
geological storage projects — studies that are based osticesdienarios, simulations and field
studies.
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7 Knowledge gaps

Knowledge regarding CfOgeological storage is founded on basic knowledge in the earth
sciences, on the experience of the oil and gas industry (extemdnghe last hundred years

or more) and on a large number of commercial activities invgltime injection and
geological storage of CGQxronducted over the past 10-30 years. NeverthelesssiGfage is

a new technology and many questions remain. Here, are summaritesreskaown now and
what gaps remain. Gaps in the knowledge of geological storaG@dre presented in this
report according to the rating on the scale (1-5) given in the RWesieSRCCS Gaps in
Knowledge (IPCC, 2006). The scales are as outline below:

1 Very important and needs to be addressed to move the techtmhaayys full scale
implementation.

2 Important and needs to be addressed with some urgency

3 Less important but needs to be undertaken

4 Not important — CCS can be implemented without this gap laeldgessed or gap
will be addressed through natural development

5 Unimportant — gap does not need to be addressed

At present there are no knowledge gaps that hinder full soplementation of geological
storage of C@ (1). Important gaps in knowledge that need to be addressed with some
urgency (2) are:

A) Storage Capacity
Need to get universal agreement on a storage capacitg@mesgsnethod, particularly
for aquifers. This knowledge is needed to determine effectipadity for CQ storage
in geological formations to derive policy and research igs.
Need a full global data set — presently most data set is Australian, Japan, North
America and West Europe.

B) Improved Confidence
Risks of leakage from abandoned wells and methods of leakage need to be
determined.
Assess the environmental impact of £&Bepage on the marine seafloor.
Quantitative assessment of risks to human health required.
Quantification of all processes related to Ligration/leakage rates as well as
geochemical reactions (in cements, caprock and reservoirsjliimglthe calibration of
these models both in lab and real injection tests from norage sites or projects.
Develop reliable coupled hydrogeological-geochemical-geomechasigaulation
models to use as a prediction tools.

C) Monitoring Techniques
Improve fracture detection and characterization of leakagential.

D) Cost
Only a few experience-based cost data from non-BXOR storage sites are
available, more would be useful
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E) Regulatlon and Liability
Framework has yet to be established, however, it should cons$idenlé of pilot
projects, Verification of C@ storage for accounting purposes, approaches for
selecting, operation and monitoring £€torage sites in the short and long term
stewardship and requirements for decommissioning a storagetproje

Knowledge gaps on geological storage of ,@ich are less important but needs to be
undertaken (3) include:

Storage mechanismsdetermining the kinetics of geochemical trapping and the
long term effects of C&Oon reservoir fluids and rocks, in particular any adverse
geochemical effects that might occur to reduce the integfitthe cap rock.
Knowledge on such a topic is growing (see Section 8.4) and is cmigfiho
develop with time.

Monitoring techniques- need improved quantification and resolution of, ®Qhe
subsurface, improved detection and monitoring of subsurfagesé€d¥page, remote
sensing and cost-effective surface methods for temporallyblarieak detection
and quantification must be developed, and finally development of téong-
monitoring strategies required.

Leakage remediatior- no present examples of remediation for leaked, GO
might be valuable to have an engineered, controlled, leakage te¢ntan be
used as a learning experience.

Cost- little knowledge of regulatory compliance costs, therefoergtis a need to
develop regulatory process needs to determine costs.

Unimportant (5) knowledge gaps on geological storage of @&0not need to be addressed.
However, knowledge gaps that are not important (4) because @Gtwar be implemented
without this gap or the gap becomes addressed during the prodesiei

Determining microbial impacts in the deep subsurface.

Assess the temporal and spatial variability of leaks arfsorg inadequate storage

sites.

Further knowledge is needed on history of natural accumulaticd©.0f
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8 Case study - The Sleipner Gas field

8.1 Background

8.1.1 Offshore geology

The geology of the Norwegian continental shelf is varied; badth vespect to age and
rock/sediment type (Sigmond 1992). The areas of the present contistegifalvere strongly
influenced by the Caledonian Orogeny 500-400 million years ago. The Reyaai 400-350
million years ago, was a period of collapse, erosion and sekedlimentation of the orogen.

Thick sedimentary units were deposited in Carboniferous (~345-300omiiears) and

Permian (~280-250 million years) times on Svalbard and in the Ba8ea (Figure 17a). The
Permian was a period of extensive stretching of the continemist, widespread faulting and
deposition of thick sedimentary successions, especially in thee@&kgin the North Sea and
off Mid-Norway (Figure 17a). Skagerrak experienced significahtanic activity associated
with rifting. In the Triassic (~240-185 million years), thick sedntary units were deposited
in the Barents Sea, on the Trgndelag Platform and in the Nat(Fgire 17a). In the North
Sea and the Norwegian Sea this was accompanied by exteosnal faulting.

Extensive rifting and normal faulting occurred in the North Sealamdorwegian Sea in the
Jurassic (~180-135 million years), and source rocks and reservoir@gkisnportant for the

Norwegian hydrocarbon production were deposited. Other phases io§ r@d normal

faulting, in the Cretaceous (~135-65 million years) and Ter(@aép-3 million years), were
associated with extension leading to opening of the North Atlanga®dEspecially during
Cretaceous times sedimentary successions approaching 10 kilonmetdriekness were
deposited in the Mgre and Varing Basins. Cretaceous rocks argpvadd on the Norwegian
continental shelf.

In the Pliocene (~14 million years) and Pleistocene (~2 rllllon years), the continental
shelf was strongly influenced by glacial processes. Majoftgpld erosion took place on the
Norwegian mainland, in the Barents Sea, and in the SkageesakTde erosional products
occur as large slope aprons along the continental margegiaby off the Svalbard-Barents
Sea margin (thickness of several kilometers), and in trevégian Sea off Mid-Norway and
in the Mgre Basin (Figure 17b).
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Figure 17a Map of Norway showing names of places and hydtmwafields, modified after NGU 2002.
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Figure 17b: Structural nomenclature offshore Norway soutb2fN. (Source NGU)

8.1.2 Utsira Formation

The Utsira Formation was deposited during the late Middle M®¢eB0 million years) to

Early Pliocene (~14 million years), Eidvin et al. 2002. Thenfation belongs to the Nordland
Group present in the Viking Graben (Gregersen and Michelsen 198&)fram ca. 58°N to

62°N (Figure 18). The Utsira formation is a highly elongated saseérvoir, extending for

more than 400 km from north to south and between 50 and 100 km from east, twithesn
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area of some 26 100 KmThe top Utsira formation and surface generally variéively
smoothly, mainly in the range 550 to 1500 m, but mostly from 700 to 100biene are two
main depocentres. One is in the south, around Sleipner, whereeggelsnrange up to more
than 300 m. The second depocentre lies some 200 km to the north of [SIgéipere the
Utsira formation is locally 200 m thick, with an underlying sandyt adding further to the
total reservoir thickness (Chadwiek al., 2000). At the nearest the formation, lies some 60-
70 km, from the Norwegian coast.

From well logs in Eidvin et al. (2002) it is estimated that #f%he Utsira Formation is made
of sand/sandstone. The Utsira Formation is overlain by Pliocemmenclaystones of the
upper part of the Nordland Group. The cap rock succession overlyinggiia fdrmation is
rather variable, and can be divided into three main units, the,|ltiveemiddle and the upper
seal (Torp and Gale, 2003). The lower seal extends well behendréa currently occupied
by the CQinjected at Sleipner and seems to be providing an effectaleaée present time
(Figure 19). Empirically, therefore, the caprock samples sidbe presence of an effective
seal at Sleipner, with capillary leakage of @@likely to occur (Chadwiclet al.,2000). The
claystones are grey, sometimes greenish-grey and greyxprenft, sometimes silty and
micaceous. The uppermost part of the Nordland Group consists ob&aistunconsolidated
clays and sands, with glacial deposits uppermost (Isaksenarstad 1989). The thickness
of the seal is 500-1500 m. The seal on top of the Utsira Formati@ssumed to be
continuous across the area. In the east, the rocks areemhduch that stored GQvould
migrate eastwards and up towards the Pleistocene boundary.

Figure 18: Location map showing areal extent of the Utsirankation and the Sleipner licence.
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Figure 19: The Sleipner C@injection scheme. The Utsira formation is a 2080-theters thick and very
permeable sandstone overlaid with mudstone. Theda@ture takes place at the Sleipner T (Treatment)
platform where it is also compressed. The highljated injection well has been drilled from the rBa
Sleipner A concrete platform. (Source Statoil)

Macroscopic and microscopic analysis of core and cuttings sampthe bftsira formation
show that it consists of largely uncemented fine-grained sarld,médium and occasional
coarse grains. Porosity estimates of the Utsira formatioa based on microscopy range
generally from 27% to 31%, locally up to 42%. Laboratory experimentshe core give
porosities between 35 and 42.5% (Chadvethl.,2000).

8.1.3 Saline Aquifer Carbon dioxide Storage (SACS) Prdjec

The SACS project was a research and demonstration project winicnigring and forward
modelling the underground G®equestration operation taking place at the Sleipner West gas

field, offshore Norway.

The offshore gas field Sleipner, in the middle of the North Bas been injecting 1 Mt CO
per year since September 1996 (Baldidal., 1996). The COQis injected into salt water
containing sand layer, called the Utsira formation, which1@30 meter below sea bottom.
During 1998, a group of energy companies together with scientifictuitesti and
environmental authorities in Norway, Denmark, the Netherlandscérand the UK formed
the Saline Aquifer COStorage (SACS) Project Consortium and started to collectame
information about the injection of C@hto the Utsira formation and similar underground
structures around the North Sea. The SACS project involves tidistiplinary approach.
The different scientific disciplines involved in the projectlunie: geology, geochemistry,
geophysics and reservoir engineering/simulation.

In 1999 the SACS (Phase 1) project (supported under the European Camisni$kiermie
Programme) started monitoring the &f@haviour and established a baseline by shooting a
first 3D seismic survey (Galet al 2001), . The Phase 1 Project was extended to SACS2 in
2000 again with European Commission (EC) support. The SACS2 projach terminated
in 2003, continued the work undertaken in Phase 1 with further r8peagismic surveys
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completed to track the fate of the injected Q@ addition, it is using the seismic data to
verify available models and tools originally developed for hydrocarbadswater that have
been applied to a G@nd water system (Section 5.2.2). The major difference lleaigCQ

is soluble in water and methane is not.

The goal of the SACS2 project was to develop a consensus abanotitering results and
validity of available models and tools. To develop such a consensak/d@s close co-
ordination between the scientific institutes involved in the proj@dte cumulative
experiences of the SACS projects are presented in a BagicBrManual to assist other
organisations planning COnjection projects to take advantage of the learning processes
undertaken and to assist in facilitating new projects of yipis.tThe document Best Practice
Manual (Best Practice Manual, 2004) outlines the main findingsedd&CS projects and this
report reviews the document in this chapter.

8.1.4 CO, storage quality and capacity

During the SACS-project, it has been shown that the Utsira &mmhas good storage
quality with respect to porosity, permeability, mineralo@gdding, depth, pressure and
temperature (e.g. Zweigel and Lindeberg 2000). It is a vege laquifer with a thick and
extensive claystone top seal. The aquifer is, however, uneonéilong its margins, and the
time before migrating COmight reach the margins of the aquifer is unknown. The Utsira
Formation is regarded as one of the most promising aquife@dpstorage in Europe. It has
both such a considerable thickness and extent that it alone tonddhe CQ emissions from

all of the north European power stations and other large indysiaiats for several hundred
years (Torp & Christensen 1998). It is estimated that the dJEdrmation, below 800 m
depth, has a pore volume of 918 %ra storage capacity in traps of 847 Mt (mega tonnes)
CO,, and that the storage capacity of the entire aquifer B562Mit CQ with an assumption
that storage volume representing 3 % the pore volume (SeesdetBibe et al. 2002, Table
6). The total pore volume of the aquifer is, however, estimatéztehtly by other workers,
6.05 x 16 m® (Kirby et al. 2001) and 5.5 x £6m?* (Chadwick et al. 2000).

8.2 Geological Suitability

Saline formations are deep sedimentary rocks saturated wittation waters or brines
containing high concentrations of dissolved salts. Geological stavagarbon dioxide in
deep saline aquifers is likely to be safe provided tHevihg conditions are met.

(1) adequate capacity and injectivity,

(2) a satisfactory sealing caprock or confining unit and

(3) a sufficiently stable geological environment to avoid compmithe integrity of the
storage site.

In general, geological storage sites should meet all ttwsditions.
Among the most important geological criteria set for saférgt@re: (1) basin characteristics
(tectonic activity, sediment type, geothermal and hydrodynargimes); (2) basin resources

(hydrocarbons, coal, salt); (3) industry maturity and infrasire¢c and (4) societal issues such
as level of development, economy, environmental concerns, pubtatemuand attitudes.
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The suitability of sedimentary basins for £€orage depends in part on their location on the
continental plate. Basins formed in mid-continent locations or tiea edge of stable
continental plates, are excellent targets for long-term €@age because of their stability
and structure. Such basins are found within most continents and arouftatitec, Arctic
and Indian Oceans. The Utsira formation is typical with thgards because it is located in
tectonically stable zone. Geological suitability in the tdtdormation for CQ storage is
likely to be good for the following reasons

(1) suitable sedimentary formation with 800 - 1000 m thickness

(2) have good reservoir and seal relationships

(3) absence of highly faulted and fractured formations

(4) is not within fold belts with absence of overpressuredvess

(5) the sand formation have not undergone significant diagenesis

(6) have adequate porosity and thickness (for storage capacity)permeability (for
injectivity)

(7) is conducive to hydrodynamic and mineral trapping because of &smidence times
(Section 3.2).

8.3 Tasks accomplished

This part consists of the tasks accomplished at Sleipngrs€festration operation during

the SACS project and the experiences of monitoring the carbon eistodage. Four main
work areas of the SACS project include:

Microseismic studies
Characterisation of the reservoir and caprock
Monitoring the CQinjection process

Reservoir simulation and
Geochemical characterisation

8.3.1 Micoseismic studies

The natural state of stress due to the geological setfi@gnechanical properties of the
reservoir rocks and host rocks, and the changes in pore pressucefldid withdrawal or
injection are the principal causes of induced seismisigyreservoir in which there is fluid
movement. Detailed study on the literature review ofthée of stress in the North Sea as
well as observations on the occurrence of microseismigitsesented in SACS-Feasibility
study of microseismic monitoring (Fabriol, 2001). Here the maiglasions drawn from the
study follow.

The study suggests that the conditions that could promote seiforédong natural faults or
fractures at Sleipner include: the regional compressivesstegime, because of which faults,
whether present and depending on their orientation with regptet maximum horizontal
stress (8max, can be critically stressed fractures; the slight oessarre due to injection of
CO,, which is added to the hydrostatic pressure, Cadsah (2001) predict an overpressure
of 0.02 MPa due to the accumulation of Q@the space confined by the caprock; and stress
variations as slight as 0.02 MPa (in compressive regioajz@nmon examples of triggering
failure (e.g. Kinget al, 1994).
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However, these conditions are offset by the following:

Mechanical characteristics below 1500 m depth: accordingadlir@und et al.

(2000), sediments are not sufficiently consolidated to supposssishich is in
keeping with the porosity values over 27% and permeability oven ilie Utsira
Formation

The question of whether faults actually exist in and above&thiea Formation. A
priori, the apparent structures are due to mud volcanoes aafintational faults are
more likely to affect the underlying Oligocene sedimentsn(dse Troll field
northeast of Sleipner)

As a rule, the injection of the GOn sands of the Utsira Formation should not trigger any
measurable microseismicity except in impermeable or sermgaie shale lenses that block
the rise of the C®toward the top of the formation. This could be an indication of the
presence of C@insofar as it would allow the detection of the conduits used 0o C
migration. The start of this passage still has to be ésitell in order to define the advance of
the CQ front. Similarly, microseismicity may appear at the adghe formation. This could

be an evidence of the initiation of open fractures that cauddexjuently give rise to leakage.

8.3.2 Characterisation of the reservoir

It is necessary to characterise the reservoir and caprock lrideat and regional scales to
elucidate CQmigration patterns and overall storage potential. This involvést@rmination

of structure and stratigraphy both within and external to the resetegether with the
physical properties of both the reservoir and caprock.

Characterisation of both the reservoir and caprock was carried auange of scales. Several
datasets were available to the SACS project (See BedtderdManual, 2004 for details). The
datasets were used to characterize the reservoir both iedional and local level. The whole
reservoir (some 26000 Kynwas mapped and characterised using regional 2D seismietiata
and well data. More detailed work was carried out around thetimjesite using a 3D seismic
dataset and more closely spaced well data. The 2D and 3D seataiconstituted the key
datasets, essential for delineating the reservoir listitacture and stratigraphical correlation
(Figure 20a). A large number of wells was useful for delingatégional structure, and was
essential for mapping reservoir properties, such as porogitie@vailable geophysical logs,
the -ray log was the most useful general-purpose tool for identifyingethervoir sand and
guantifying sand/shale ratios, augmented by the resistivitySogic and density logs were
utilised for porosity determination and mapping. In addition to analysiseismic and
borehole data, rock material (core and cuttings) data were ushdracterize the properties
of a reservoir in the subsurfac&his was aimed to produce information on structure,
stratigraphy and physical properties. The mapping included, asianunmi, depth to top
reservoir, reservoir thickness and reservoir physical propggi@osity and sand/shale ratio
if appropriate). It is also essential to understand the ladec vertical stratigraphical and
hydraulic continuity of the reservaoir.
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Figure 20a) Typical 2D seismic reflection profile acrose thtsira reservoir b) Regional depth map to top
Utsira Sand based on 2D seismic surveys and incatipg 3D data around Sleipner injection pointDe}ailed
depth map of Top Utsira Sand around Sleipner iigagioint (IP), based on 3D seismic data. [2D s&ishata
courtesy of Schlumberger Geco-Prakla].

As CQ is buoyant (in both gaseous and fluid phases) it will tendsi o the top of the
repository reservoir. Assessment of the depth to the top okesieevoir is therefore a basic
prerequisite of COstorage (Figure 20Db). It allows a first order estimatehafrt-term storage
capacity, and permits likely migration pathways and egtenbe assessed.
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Uncertainties in reservoir geometry are significant if hjection is into a reservoir with
gentle dips and only minor topography at its top (as at Sleipnergftine, very detailed depth
mapping is required (Figure 20c). This will permit accudgénition of the structure of the
top surface to allow the prediction of the overall migratioreation and evaluation of the
location and volume of any structurally defined traps along theatiogr paths. This was
done using a 3D seismic data around the injection site. Mordbvegquires velocity control
from nearby boreholes to effectively minimise uncertaintiedepth conversion.

Although significant faulting has not been identified so far inSkepner CQrepository, in

the general case it is important to identify and map any faulise reservoir and caprock,
and to make some assessment of fault sealing capacitybyeampirical fault gouge shale
ratio estimation), so as to be able to detect and asseskl@wosservoir compartmentalization
and/or the potential for fault-related leakage.

Knowledge of reservoir properties, such as porosity and permgatsilitequired to quantify
potential storage capacity and likely migration paths and ratedetermine these properties,
core material from the reservoir close to the injection used. Core and cuttings material
from additional wells will further improve characterisatj particularly if vertical and lateral
reservoir inhomogeneity is suspected. Determinations from rizlate the likely CQ

migration pathway, i.e. the top of the reservoir, are of @aar importance. Analysis of the
reservoir properties was supplemented by mineralogical asalysing XRD (x-ray
diffraction) and geophysical logs such asay and sonic logs. The geophysical log data were
used to extrapolate the physical property from the coring poimt(s) Wells at least as far
from the injection point as the predicted QO®igration (Figure 21). In regional terms the

fairly sparse cover of wells appears sufficient to charae the reservoir adequately in terms
of broad stratigraphy and storage capacity (Table 5).

Assessment of the total reservoir storage poteriiiéddfive Storage Capacityy desirable, so
that a proper injection strategy can be devised. This entaiéndination of the internal
stratigraphy of the reservoir. At Sleipner, the presemctkim shale beds is radically affecting
CQ distribution in the reservoir, with GOnigrating laterally for several hundred metres
beneath intra-reservoir shales (see below). It is likelyt thathe longer term this
dissemination of C&throughout the reservoir thickness (rather than just being conezhatat
the top) may allow more efficient dissolution of £ahd effectively increase the reservoir
capacity well above the minimum value defined by the volume otdpereservoir traps.
None of these thin shale beds were clearly resolved on theiseiata (not even on the 3D
data) and require geophysical well logs for their identificatewef utilising log data, the
thinner shales are below the thickness resolution limit).

Table 5 Generalised properties of the Utsira Sand from aakcuttings. Mineral percentages based on whole-
rock XRD analysis.

Grain Porosity | Permeability Sand/shale % Mineral
size ratio Quartz| Calcite K- | Albite | Aragonite| Mica
feldspar and
others
Fine 35-40 % | 1-3 Darcy 0.7-1.0 75 3 13 3 3 3
(medium) | (27-42%) (0.5-1.0)
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Figure 21 well correlation diagrams from the southern pathe Utsira Sand utilizing-ray and sonic logs
(total section length about 85 km). Note howay logs resolve thin intra-reservoir shales (agd), and
laterally variable sand/shale ratio.

Natural fluid flow in the reservoir is a factor with the poiainto affect the migration of CO
Fluid flow may be determined from physical measurements of ymeess different locations
in the reservoir, or using basin modelling software. In the chshe SACS project, available
data indicate that the lateral pressure gradient in theaU&nd is very small, perhaps
compatible with natural fluid flows in the order of 0.3 to 1 il.yFhe pressure data are very
sparse however (see above) and this figure must be treatedonglderable caution. SACS
also used basin modelling techniques to calculate theoreticalviétoeities based on the
compaction history of the Utsira Sand. Velocities of 2 — 4 thwere obtained for the
reservoir around Sleipner, though rather conservative (high) peritiealilere assumed. On
the other hand, reservoir simulations suggest that hydrodynaspaceément of the CO
plume is insignificant, indicative of very low rates of natdtuid flow.

8.3.3 Characterisation of caprocks

Characterisation of caprocks involves knowledge of the extentenarmar sealing capacity of
the caprock. It is perhaps the key purely geological elememdsessing and establishing the
long-term safety case for the C@pository. Determination of the extent of the caprock will

rely on a regional spread of boreholes and on the grids of 2D andigbicsdata. Sample
material in the form of core and drill cuttings should be availablsufficient quantity to
undertake a detailed suite of analytical tests, which inclet®graphy, SEM, XRD. Due to
absence of caprock core material, results from cuttings asdlg. Table 6) are used to
assess sealing capacity in a qualitative manner, by casopawith samples from proven
oil/gasfield caprocks, or semi-quantitatively such as by tmeshin grain-size method
(Krushin, 1997).

Table 6 Generalised properties of Utsira capraeised on analysis of cuttings.

CEC- Cation exchange capacity TOC- Total orgaaibon

79



At Sleipner the caprock succession is some 700 metres thick aratigraphically complex,
comprising three main units (Figure 20a). The uppermost unit ofe@aay silts and muds
overlies a thick dominantly silty Pliocene succession of pdgea clinoforms. The
lowermost unit comprises dominantly silty mudstone and seems to ieréstsicted. The
ability of the seismic and well data to resolve fine &jraphical detail around the
reservoir/caprock interface has proved essential to predmbitntial migration patterns. It is
likely that a thin sandy unit (termed the ‘sand-wedge’ by SAG$he lowermost part of the
caprock will provide an important migration conduit; a small dip djgace between this and
the top Utsira Sand results in an azimuthal change of sorfén 9fredicted migration
direction (Figure 22). This has important consequences for migraibaielling. At Sleipner,
there is sufficient structural closure at the top of the 8Sand to trap 20 Mt (megatonne) of
CO, within 12 km of the injection site (Figure 22a).

Figure 22 Migration pathways (purple) from the Sleipner atjen point. a) Final distribution of 3 x 4@° (~ 20
MT) of CO,assuming migration beneath the top of the Utsired3g Final distribution of 7.4 x £0~5 MT) of

CO, assuming migration beneath the top of the sand-weNgte if more than 5 MT of C(@ will migrate out of
the area of 3D seismic coverage. Two-way time sttadinges from blue (deeper) to red (shallower).
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However, if most of the C{migrates beneath the top of the sand-wedge the situatiossis le
well constrained; only 5 Mt of C{are sufficient for the migration stream to leave the afea o

the 3D survey to the east (Figure 22b). This emphasises thefareedry precise depth
conversion when dealing with flat-lying repository aquifers.

Injection-induced pressure changes could lead to compromise of tloelcapal and possible
geomechanical consequences should be assessed prior to injectiomcorgmét Sleipner,
the required injection pressures are considered most unlikely toeireitieer dilation of
incipient fractures (due to increased pore-pressures) or microsgys(due either to raised
pore pressures or a reduction in normal stress due to buoyancy éxesed by the CO

plume).

8.3.4 Monitoring the injection process

Time lapse seismic datarhe major success of the SACS project has been the dentionstra
that conventional, time-lapse, p-wave seismic data can becassful monitoring tool for
CO, injected into a saline aquifer (Eiken et al. 2000). Even withCQ in a supercritical,

rather than a gaseous, state it has been shown tha@cC@®@nulations with a thickness as low

as about a metre can be detected - far below the conventiormaicsegsolution limit of
approximately 7 m. Even these thin accumulations cause signjficdiservable and
measurable changes in the seismic signal, both in amplitude &madel time (Figure 23a).

It is exactly this major effect on the time lapse seissignal of relatively thin CO

accumulations that has built confidence that any major leakagethe overlying caprock
succession would have been detected. So far, no changes inetieirden have been
observed in the Sleipner, implying that there are no leskiigm the Utsira formation.

Figure 23aSynthetic model of a 2 m thin shale layer withireareasing CQaccumulation (0-8 m) below
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Figure 23b: Inline 3838 through the injection area for the9491999 and the 2001 surveys including the
difference between the 1999-1994 data and the 2004-data. The interpreted C@vels are visualised in

yellow (1999) green (2001).

The time lapse seismic data have provided insights into the ggmaheistribution of the
injected CQ at different time steps and show the different migration patbwaigures 23b

and 22c). Due to the lower density of Qf@th respect to the formation water, buoyancy is

the dominant physical process governing the migration. The isedata have revealed at
least temporary barriers (very thin shale layers) tocarthigration of the CQthat could not

be resolved on the pre-injection baseline data alone. Due todheupced effect of the CO

on the amplitude of the time lapse seismic signal these isahée been mapped locally,
markedly increasing the understanding of the @@ration within the reservoir. At various
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Figure 23c Repeat seismic surveys and position of inject&@.C

Figure 24 Interpreted CQaccumulations at different depth levels (amplitotips from shallowest to deepest
level 7).

locations chimneys have been observed wherg (@&3ses through the thin shale layers

(Figure 23b). The presence of thin shale layers has radafédicted the Ce@distribution in
the reservoir, with COmigrating laterally for several hundred metres beneath ritra-i

reservoir shales (Fig. 23c). It the longer term, thiselisnation of CQthroughout the

83



reservoir thickness (rather than just being concentrated at thentypallow more efficient
dissolution of CQand effectively increase the reservoir capacity (TorpGaie, 2003).

Interpretation of the post-stack seismic data has providesh mof the information required to
characterise the “C{bubble” including mapping the different Cl@vels and quantifying the
amount of CQat each level (Fig. 24).

Quantitative interpretation of the time lapse seismic dataecessarily linked both to the
choice of an appropriate rock physics model, i.e. Gassmann (1951 fard aksumptions on
saturation ranges and temperatures. By making these assumptiorass balance can be
attempted by comparing the actual injected quantity of @ith the seismically derived

qguantity. Such an analysis has the potential to confirm (asst dider approximation)
whether all of the CQis imaged by the time lapse seismic data. A reasonalitthrbatween

the reservoir simulation model and the seismic data is reguargain insight in the predictive
power of the reservoir simulation.

8.3.5 Integration of time-lapse seismic with reservoioW model

Time-lapse data may be compared to results from a resewvoulator with the aim of
improving the flow model. Subsequent predictions of reservoir behawidluthen be more
accurate. In the SACS case a particular phenomenon occurred thee tton shale layers
acting as temporary vertical G@nigration barriers that could only be identified on the

seismic data with CQcaptured underneath. In other words, assumptions had to beamade

priori on the shape, the lateral extent and the continuity of these lalyats for the reservoir
simulation model. For that reason in SACS a history match has fgeréormed especially
honouring the amount of CGt the different depth levels, but only globally (as good as

possible) the detailed lateral distribution. Figure 25 showssyin¢hetic seismics of 2001
created from a realisation of the reservoir simulation mddete information on this topic
can be found in Lygren et al., 2002. Other publications are in.press

Figure 25: Reservoir simulation model with the correspondiggthetic seismics with depth values in meter
(vertical) and local coordinates (bottom).
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CQO, volume estimation from seismic datdn- geological CQ sequestration projects pre-

injection reservoir simulation should be carried out with a vegemodel which is based on
the best available geological data. These simulationgpiedict the CQinjection rate that

could be maintained, the rise in reservoir pressure caused lyjebton, the likely lateral
migration of the injected C{and the potential for CQlissolution into the formation water.

Pre-injection reservoir simulation was carried out at Stigidorbol and Kaddour, 1995) but
this did not form part of the SACS project, which was estaddiskfter injection began. The
pre-injection reservoir simulation indicated injection of O@uld be a feasible option from
an operational point of view. This was sufficient to alltv project to proceed.

8.3.6 Reservoir simulation in SACS: Verifying the seismanid geological
interpretations and predicting the long-term faté GO,
Further objectives of reservoir simulation in a (S@questration project are likely to be:

1. Verify and improve the seismic and geological interpretatiortheofeservoir around the
injection site and re-run simulations of the migration of thectejg CQ during and

shortly after the injection period.
2. Use the history matched reservoir model of the area arounidjgicdon site to build a
large-scale model to predict the long-term fate of.CO

These objectives require history matching and thus should taleqlaog the monitoring of
the CQ sequestration operation.

In the SACS project, two new reservoir models were built teeselthese latter objectives.
The first describes the formation near the injectios. $itcovers an area of approximately 7
km?and consists of a large number of small grid blocks. This modeltertively calibrated
and adjusted in the light of interpretations of the seismic émag the COaccumulations

from the repeated seismic surveys performed three and fars géter the start of injection.
The second model covers an area of 128amd is being used to predict the migration of,CO

over a period of several thousand years under the assumptiorheéhatis no migration
through the upper seal, which is revealed from the current studtiqi®&.3.3). This model
has to rely on a coarser grid due to computational constraints

8.3.7 Calibration of a local reservoir model by use ofpeated 3D seismic

Reservoir modell The SACS project graphically illustrates how useful repeatede88mic
surveys can be to calibrate a local reservoir model. @& pre-injection seismic, well-logs
and petrophysical data obtained from laboratory experiments andradysia were used to
build the original local reservoir model of the Utsira Sahe (eservoir formation) near the
injection well. However, because the injection well is a +memizontal well drilled from the
Sleipner A platform it did not provide good 3D data on the naturbeofvhole thickness of
the Utsira Sand reservoir at the injection point. Furthermone te no other wells in the
immediate vicinity of the injection site. The majority of tth@ta used to construct the model
was obtained from wells which passed through the Utsira Sandtheie very close to, the
Sleipner A platform, some 3 km from the injection site. At thjection site the Utsira Sand
was interpreted to consist of a highly permeable sand body mer@@3am thick intersected
by thin horizontal discontinuous shale layers.

85



CO, is injected close to the bottom of the formation. The skafers are interpreted to
impede its vertical migration and cause the entrapment o€@gn large, near-horizontal

'bubbles’ within the porous medium of the sand. The barrier layermsither semi-permeable,
or have localized spill areas that allow migration of ,@@the consecutive barrier layers

above. The discontinuity and heterogeneity of these shale lagettsoaight to cause the GO

to be transported in distinct chimney-like columns that are ithame the repeat seismic
surveys.

Only the two upper shale horizons could be mapped from pre-injectismiséie. the cap
seal of the formation and a shale approximately 15 m below thétla sand between these
two shales is commonly referred to within the SACS projedha 'Sand Wedge'"). The other
shales were too thin to be mapped from the seismic and wereddcam the 1999 time-
lapse seismic data where the major seismic reflecters imterpreted as C@ubbles being

retained by the shales. The shale layers were represented model by transmissibility
modifiers attributed to layers that correspond to those ddtbgtéhe seismic survey.

Reservoir simulation incorporates the predominant driving meahantbat control the
migration of CQ. The model is calibrated by modifying various parameters tewaeHiistory

matching and the history-matched model is ultimately adopted ke rudure predictions.
The transmissibility of each shale and the chimney-creatorgiuits were obtained by
adjusting the transmissibility multipliers so that the riésglaccumulations under the layers
became similar in size to the corresponding seismic reflebds.is an iterative process that
is still continuing.

Thus the SACS local reservoir model has demonstrated thatell does not exist at, or very
close to, the injection site, as at Sleipner, the int@gibration of the physical conditions and
reservoir model may not be ideal. However, if good quality 4Bnseidata is available, the
reservoir simulation can still be history matched tosiismic interpretation.

Fluid and transport properties Given a hydrostatic pressure gradient, in a thick regervoi
such as the Utsira Sand the temperature gradient is the mppstant parameter that has to
be taken into account if fluid properties are to be modelled atyreThus it was
recommended that careful temperature and pressure measurameemiade in the reservoir
in future CQ-injection projects. The C{density in particular will be erroneous if these

gradients are not correctly accounted for.

In the Utsira Sand, the temperature is thought to vary from &&5at to 37°C from the top

of the formation about 800 m below mean sea level to the injegtiont at 1040 m depth.

The pressure increases downwards through the formation and tempenad pressure have
opposite effects on the density, so in practice the densigfasvely constant down through
the reservoir, at about 700 kg/eprresponding to a CQiscosity of about 0.06 mPa s.

Free CQin both liquid or gas phase will give strong reflections on seisregause of the
strong contrast in velocity of sound between2®®d brine. CQdissoIved in brine will,
however, not be visible on seismic because, €&@urated brine will have approximately the
same velocity of sound as under-saturated brine.
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The solubility of CQin brine at the Utsira conditions is approximately 53 I?g/m'ssolved
CO, could therefore potentially be a significant contribution to, &tGrage in this aquifee,.g.

all of the CQinjected in this project (1.7-2®nT/d) for 25 years would dissolve in a brine
“cylindrical” pore volume 1300 m in radius and 200 m tall. In the, @lDme above the
injection point some water will be contacted by (Céuring migration up through the
formation. The shales will spread the (®er a large area. This will increase the surface of
the CQ phase and increase dissolution. In practice, however, the am@undi€solved

during the injection period will be limited because only a sinadtion of the brine will be
contacted by CQ Although the geophysical interpretation of the seismic is nogueni

iteration between the geophysical interpretation of the seissflections attributed to the
injected CQand the reservoir simulations showed that good matches betweenedbard/

simulated bubble areas could be achieved even if90bility was completely neglected.
From this it can also be concluded that the shale layers dospetrsi large amounts of CO
into small leak streams when it is transported from laydayer. The CQtransport must
rather be concentrated at localised spill points, curtairiles.

8.3.8 Simulation of the long-term fate of C@n a large-scale model
One of the main objectives of reservoir simulation in a gecéd@@Q, sequestration project is
to make long term predictions of the fate of the inject€d. The reservoir model constructed

for this purpose should include the major features of the local niwatetontrol transport of
CO, on the relevant time scale. The fluid model of GMd brine must feature correct

volumetric data (densities), phase behaviour (solubility) andgoanproperties (viscosities
and diffusion coefficient).

In the SACS project, the information from the calibrated lonablel was extrapolated to
build a 3D reservoir model covering an area of 128 tenpredict the fate of Cover a time

period of thousands of years.

Capillary pressure and relative permeability describing therantion between the porous
media and the fluids were measured in laboratory experiments oa thses. Computational
constraints limited the number of grid blocks in the model totlems one million to achieve
acceptable computation times. This represents a substargrabomg of the grid compared
to the local model. Preserving the physical consistencyeofrthjor transport phenomena in
the new grid is a major challenge. In the model the cap rod&sshee assumed to provide a
capillary seal for the COphase preventing upward migration, but allowing molecular

diffusion of CQ through the overlying strata.

The results of the simulations show that most of thge&@umulates in one bubble under the
cap seal of the formation a few years after the iigeds turned off. The C{bubble spreads

laterally on top of the brine column and the migration is controllethéytopography of the
cap seal only.

Molecular diffusion is driven by concentration gradients and camllysbe neglected in
reservoir simulations as it is a slow process compared to t#mesport processes. It is
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attenuated due to diminishing concentration gradients, which isult & the diffusion
process itself. In this case, however, diffusion of,@@m the gas cap into the underlying

brine column will have a most pronounced effect. The brine on top ofdlben, which
becomes enriched in CQis denser than the brine below due to the special volumetric

properties of the CHbrine system. This creates an instability that sets anprectional
currents maintaining a large concentration gradient near théb@@ interface, enhancing
the dissolution of CQ This is illustrated in Figure 26.

Maps of the bubble as function of time are shown in Figure 27, wheréop of the sand
wedge is the controlling seal. In these simulations the dissol of CQ, is neglected. If

dissolution is included the bubble will reach a maximum size aftabably less than 300
years. After this time dissolution is the dominating effactoubble extension and the bubble
will gradually shrink and finally disappear after less than 4@Xrs. This process commonly
is called solubility trapping (Section 3.2.3). The primary fiewé solubility trapping is that
once CQ is dissolved, it no longer exists as a separate phasebyheliminating the buoyant
forces that drive it upwards. Next, it will form ionic specias the rock dissolves,
accompanied by a rise in the pH. Finally, some fraction maypbeerted to stable carbonate
minerals (mineral trapping), the most permanent and secure forgeadbgical storage
(Gunteret al, 1993). Thus preliminary results suggest that in the long terf® (gears) the
phase behaviour (solubility and density dependence of composition)badibme the
controlling fluid parameters at Sleipner.

An alternative scenario where Top Utsira Sand (i.e. theofofhe sand below the Sand
Wedge) is the controlling topography for migration was also sialaigure 28 show that
the CQ will follow a more eastern path. This illustrates how sresithe migration is to

small changes in topography. Top Utsira and the top of the sand wedgelybetween 14
and 35 m apart and relatively parallel. The top of the samidjevdips slightly more towards
the south west though, resulting in the large differences betdistribution patterns. This
test is only presented to illustrate the sensitivity of topogréeleguse it is quite unlikely that
Top Utsira will retain any C¢bn long term because of its permeability.

Upward molecular diffusion of CQthrough the water-saturated overlying shales can
potentially represent an escape path for, D@ the atmosphere. Along this pathway injected
CO, will not reach the sea floor until several hundred thousandsyafter the end of
injection. This escape mechanism can in practice be nedlec
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Figure 26. Concentration profiles in a 10 x 13.6 m segmesit [pelow the CQbrine contact. From a meta-stable
diffusion front (upper left) convectional plumesdually develop. This convection gives a significan
contribution to the dissolution
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Figure 27: Maps of the CObubble migrating under the top of the sand weddertion of time. CQ
dissolution has been neglected. After 500 yeargr€&zhes the boundaries of the model and startsgi@ia
out of the model.
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Figure 28: Maps of the CObubble migrating under the Top Utsira as functibtirae. CQ, dissolution has been
neglected. In this case the (¥ollows a much more eastern path than in the case the top of the sand wedge
was controlling the migration.

8.3.9 Assessing the geochemical effects of Qjection

It is essential to have a good understanding of the fluid chgmastd mineralogical
composition of any potential reservoir and caprock so as to eledidair reactivity with
COe. Depending on the nature and scale of the chemical reactiomsteservoir-C@
interactions may have significant consequences for thes@@age capacity, the injection
process, and long-term safety, stability and environmental t@spefc CQ storage
(Czernichowski-Lauriol et al., 19964, b).

At the start of the SACS study only limited geochemical infolmnatnd samples were
available from the Utsira Sand. This included:

* A single (partial) analysis of Utsira formation watom the Oseberg field
approximately 200 km north of Sleipner.

* A 7 m core of Utsira Sand from the Sleipner field (of whiam ections of frozen
core were supplied to the geochemists).

The core sample allowed for detailed mineralogical analgsel determination of transport
properties. However, the core sample was heavily contagdiriag drilling fluids, and no
useable formation water sample could be obtained from it. Onl\borehole terminates in
the Utsira at Sleipner (the G@jection borehole), and unfortunately no produced porewater

samples were available from it.

Although there is a single analysis of Utsira porewater flzenQseberg field, it is limited by
the lack of analyses of Al and Si. For predictive modellihgyas therefore necessary to
assume that these elements were controlled by saturationespect to specific minerals — in
this case kaolinite and chalcedony. However, during the studyface sample of formation
water from the Brage field (also about 200 km north of Sleipnag) ebtained (but without
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information on the gas phase) and analysed for a range of ete(mastuding Al and Si).
However, the sample was unpreserved (unfiltered and un-aciddied)the Al and Si
analyses look problematic.

Despite this lack of information and samples, a reasonablesasset of baseline conditions
within the Utsira sand was made by combining information from tegpr&r, Oseberg and
Brage hydrocarbon fields, and through numerical modelling and ‘blank’ iexpets. These
laboratory experimental investigations were also designed to prmfatenation on in-situ
porewater chemistry, as mentioned later.

Knowledge of the chemical makeup of the reservoir seal andrahsport properties is
required to quantify possible chemical reactions and their, tatgsther with overall sealing
efficiency. To determine these properties, a minimum prenggusto have core material
from the caprock above the injection point. Samples of borehoterteshould also be
available for testing and analysis.

During the SACS study no caprock core material was availabktudy. It was therefore not
possible to study its bulk properties and porewater chemistry. Honwsme drill cuttings
were located, and cleaned off drilling fluids. These cuttingee suitable for a limited range
of mineralogical analytical techniques (petrography, SERRDX Results from these tests
were used to assess sealing capacity through comparison wipesanom proven oil/gas
field caprocks. The Krushin grain-size method was also used.ntémdtions of COwith

borehole cement were not addressed in this study. A key aspautt afture investigations at
Sleipner would be to obtain caprock core material and samples of loredtolent. The
properties of these, and their interactions with,Guld then be investigated in detail.

8.3.10Determination of the geochemical impact of injedt€G;
The impact of injected C{can only really be assessed once there is a sufficieoty g

understanding of the baseline conditions. Once these have béseddéien changes from
them can be more readily identified. There are a variegppfoaches that can be used. They
combine numerical modelling and observations from laboratory expesmdisld
monitoring, and natural analogues.

Observations from laboratory experimentSuring the SACS project both static and dynamic
experiments were assembled. A number of identical static hjpbagperiments were
undertaken. These simple and relatively low cost experimead fixed amounts of Utsira
Sand and synthetic Utsira porewater, plus fixed temperature asslipgeof CQ Individual

experiments were terminated after different timescaledail®d analysis of the reaction
products provided ‘snapshots’ of reaction progress over a 2 yeaydpérhe above
experiments were compared to similar experiments pressuriskeditvogen. These latter
‘blank’ experiments were also useful to simulate conditions priorQgigection, and hence

helped to fix baseline conditions. Dynamic (flowing) experimentseweonducted to
investigate how geochemical reactions impacted upon fluid flow aselwarsa. Standard
‘core flood’ equipment was used for several of the tests. Menvalso used were non-metalic
(PEEK) tubes that were joined to create a column of Ussinal 2.4 m long.
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The experiments on the Utsira sand have revealed changasdircliemistry, associated
mainly with dissolution of primary minerals. The experimeprsssurised by CQed to large

and rapid increases in concentrations of Group Il metals (andtioytar Ca, Sr and Fe), as
well as slow and slight increases in silica concentrationss Boggested fast partial
dissolution of carbonate phases, while dissolution of silicateuariabsilicate minerals was a
much slower but real process. However, direct evidence frararatogical observations has
never been possible despite the high water-rock ratio used foredkggsements (10:1), their
relatively long duration (up to 2 years) and the higher temperdf®°C) used for some of
them. This is because the reactivity of the Utsira sandlevasnd changes were below the
resolution of the analytical technique or below the natural miogical variation within the
sand.

Observations from field monitoring The most obvious way to obtain direct geochemical
information would be by direct sampling of a gfjection site. Once baseline conditions are

established, longer-term monitoring of the injection process woultedpgired. Access to
samples over a range of timescales would be important. fpsoach would require
observation boreholes with repeat fluid sampling to monitor fluid atedmahanges. Sidewall
coring, or the drilling of boreholes through the CBubble’ could be necessary to obtain

samples of rock that had been in contact with, @D a variety of timescales. Such an

approach would be useful in providing highly relevant ‘real timednmfation about a large-
scale system.

During the SACS project, the lack of observation boreholes aatedesamples made it
impossible to monitor directly the geochemical processes omguwithin the Utsira at
Sleipner. However such an approach is being used in another indGsiaequestration

project - the Weyburn oil field in Candda

Observations from natural analogue3his approach utilises relevant information from other
sources than the selected site to generate a better andingt of the CQinjection system.

Natural accumulations of C@xist in many parts of the world and have many analogous
features to any C{njection operation, although these may not be exactly comparable. As

such, these ‘natural analogues’ can provide much useful infamagspecially about long-
term processes as the gg@n, in many cases, be proved to have been trapped for thousands

or millions of years. Study of natural accumulations of,@@s the advantage of similar

physical size and timescale of reaction. This can build camfelen models that predict likely
responses of reservoirs to geological sequestration. Howevdly saglies including the
drilling of boreholes are needed to gain a reasonable understandimgasfalogues. Several
research projects on natural C&acumulations are presently underway in the world, such as

the European NASCENT projécthe American NASC project (Stevens et al., 2001) and the
Australian GEODISC projett One of the objectives of these projects is to study the
geochemical effects of C@n reservoir rocks and caprocks, for various geological contexts.

Although only analogous to any sequestration system, natural accamsilatiCQalso have

the advantage that they are a good way to demonstrate tteah cecks can safely contain
CO, for geological timescales.
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Numerical modelling Computer simulations are very useful way to rapidly scope arahg
different scenarios. They can predict the effects of &fdition to formation porewaters, and

the consequent changes in fluid chemistry and reservoir noggral

Within the SACS study, numerical modelling was used to interamed hence to better
understand the laboratory experiments, based on thermodynamic, Kioetiend transport
processes. Batch experiments were modelled using geochemickdls while coreflood
experiments were modelled using coupled reactive-transport modelthis stage, 1D
simulation was sufficient to describe the coreflood experimdiits codes used were EQ3/6
(Wolery, 1995); DIAPHORE (Le Gallo et al., 1998), MARTHE (Tityi€1990) and Specific
Chemical Simulators (Kervévan and Baranger, 1998; Kervévain 4998) constructed using
the ALLAN/NEPTUNIX code generator package (Fabriol and Czhoviski-Lauriol, 1992).
For most of the major elements, the predicted trends weneagonable agreement with the
experimental observations on the Utsira sand. However setysittalculations were
necessary to fit at best the experimental results. Thieprthat experiments are essential to
assess the key site-specific processes relevant to thalrststiem being studied.

Within the SACS project, the objective of the geochemica¢stigations was to assess the
potential for geochemical reactions between injected, @®mation water and the Utsira

sand, based on direct observations from laboratory experimengs simoulated reservoir
conditions for timescales up to 24 months.

Unfortunately, only limited geochemical baseline data werelablai within the SACS
project. This necessitated the use of certain (logical) gssums in the design of the
experimental programme and in the modelling work. In general)tiiea sand showed only
limited reaction with CQ Most reaction occurred with carbonate phases (shell fraginent

but these were a very minor proportion (about 3%) of the overall sddigrial. Silicate
minerals showed only slow and minor reaction. Then, in termgaflgemical reactions, the
Utsira sand would appear to be a good reservoir for storing i@@vever further studies are

needed to assess the long term storage behaviour within thia fdtshation. In particular,
numerical modelling at reservoir scale should be carriedsaat) as initiated by Johnson et
al. (2001). This implies feedback between reservoir simuladokdsgeochemical modelling.
Another key area that still remains highly uncertain is tiiaieur of CQwith the reservoir

seal (both caprock and borehole cement seals). Analysis of bor@hnelenaterial from the
caprock at Sleipner is the only way to provide sufficienthaitied information on caprock
mineralogy and porewater chemistry. Acquisition of such matshialld be a priority.

* (http:/lwww.ieagreen.org.uk/weyburn.htm)
® (http://www.bgs.ac.uk/nascent)
® (http://www.apcrc.com.au/Latest%20Releases/gedting
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8.3.11Assessment of monitoring techniques

Multi-component (MC) seismic monitorifdulti-component (MC) sensors can be used to
record shear (S) waves as well as compressional (P)swé@veland, three polarised shear-
wave sources, together with 3-component geophones, can be useduoep8-component
(full-wave) data. Offshore, 4C sea-bottom instruments (3 compagemphones plus a
hydrophone), utilise P to S mode conversions to record PS (P-downg®imggoing)
datasets. MC datasets contain inherently more information thrarectional data. Firstly, S-
waves propagate exclusively through the rock matrix and atévedyaunaffected (other than
by pressure) by the nature of the pore fluid. This allows @w# image through volumes
containing anomalous fluids (e.g. €ubbles), more effectively than P-waves, and makes S-
wave acoustic properties more uniquely diagnostic of lithology. SegorsHwaves
interrogate azimuthal subsurface properties, so the polarizecgfamav may exhibit
birefringence due to velocity anisotropy. This among others can dedasgasure azimuthal
anisotropy in rock properties (due to structural fabric, or frasjuoe lateral variations in
effective stress (fluid pressure). Additional benefits M&tdata can produce are summarized
in (Liu et al. 2001).

Assessment of gravity surveying as a monitoring toblonitoring the injected C®©by
repeated high-precision gravity measurements (micro-gjasén provide better constraints
on in situ COz density (Williamson et al., 2001). As seismic waves amyfaisensitive to
density, gravity data can provide information which is complenngrtia that given by
seismic methods. Such monitoring might be of particular use issnand volume
calculations. Thus if large quantities of Cdissolve in the formation water, this may be
detected by gravity. Alternatively, if significant amountgas are breaching through the cap
rock, gravity monitoring may serve as a “catastrophic earlynwgrsystem”. The lateral
resolution is much lower than for seismic monitoring, but for queatibn and further
dynamic modelling, it could, together with the seismic geocadtmformation, be a valuable
additional monitoring tool, provided density contrasts are langeigh. [In the Sleipner case
with CQ.injected into the Utsira Sand, a detectable gravity chemgepected to arise if CO
densities are low (high geothermal gradient scenario)].uth sa monitoring project is
undertaken, pre-injection baseline data are of great valdetreeir acquisition is strongly
recommended.

At Sleipner, baseline gravity data were not collected, lmitproject is still considering the
method for future monitoring. Offshore the only way to obtain sufficeccuracy is by
seafloor measurements.

Microseismic monitoring -In general, the principal advantage of using microseismic
monitoring is its continuous nature. In other words, if a cause dedtdink can be
established between the appearance of microseismicity and thasedn pore pressure in the
reservoir due to the flow of CQOthen, theoretically, a real-time picture is provided & th

passage of Cfat certain specific points. It is also possible to charaeterones of weakness

in the reservoir (or its caprock), where pre-existing fractorg@ints move in brittle shear
and therefore constitute preferential flow paths.

From a practical point of view, microseismicity appears mainllow-porosity carbonate

rocks and when injection pressures are relatively high (detema of MPa). Given the
porosity values at Sleipner, microseismicity is unlikely to appe the Utsira Sand except
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perhaps in shale lenses or in the overlying shale caprock (Fabridl). Z06s latter case
could be the most interesting to monitor as it would reveal tesepce of leakage in the
caprock. However, it remains to be proven that microseigmagtually does exist in the
Sleipner case.

Though microseismic monitoring is not considered to be of greataus®leipner, it is
expected to be more appropriate to other, G@erground storage projects, particularly in

low permeability reservoirs.

Petroacoustics and thermodynamics related to seismic monitorifihe- quantitative

interpretation of time-lapse seismic monitoring relies @ufficiently accurate estimation of
the fluid substitution impact on seismic velocity in the reseridie theoretical basis of this
guantification is the well-known Gassmann (1951) model. In the SAS8-shear wave
information through a DSI-log has proven very valuable for the i@ass modelling and

AVO (i.e., variation with incidence angle) analysis.

Within SACS a reliable method has been developed for the laboraésification of
Gassmann's formula and parameters by measurement on condofidaiples (Zinszner,
2002). The method is based on the substitution of fluids of vadoogressibilities. To
preserve the properties of the clay fraction in the sandstonasiipbaturation states have
been used. The room dry sample is first saturated with bfine.brine is displaced by
viscous oil (non-miscible viscous displacement), and then the visubus displaced by
hydrocarbon liquids of varying bulk modulus (e.g. kerosene, hexanenpesta). The P and
S wave velocity measurements are performed under pore andicgrpressure (up to 70
MPa).

This method is very successful when performed on normally coasadidsamples, but the
experimental difficulties in applying this method to loose sandstanexaected to be large.
Similar difficulties are encountered for any petrophysical sueament; permeability,
capillary pressure etc, but they are more pronounced for petroasofastiareful preservation
of the initial rock microstructure is needed). In the Utsira &drom where the sand/sandstone
is unconsolidated, this is not verified yet.

In order to provide the CO methane mixture compressibility (isothermal, isentropio)

density for temperatures and pressures in the range encoumehedreservoir, the SBWR
(1995) equation has been applied (a modification by Soave of the 194di&aNebb-Rubin
equation). At the beginning of the SACS study, it was supposed thamétieane
concentration could be several percent (relative inefficieheyashing process). Actually the
methane content appears lower than 1%. The density/ compigssidiles for a wide range
of P, T conditions and for mixtures with GQ@oncentration greater than 95% molar,

corresponding to the SACS conditions, have been determinedcdd@entrations less than
95% molar are far from the Sleipner conditions and would requirecoawutations.
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8.4 Summary of recent studies

Several studies were carried out at the Sliepner since 200d. &Hsummary of the most
important works is presented briefly. Gaetsal. 2006 studied the impact of GGtorage on
the Utsira reservoir and its cap rock at Sliepner using a lemg toupled transport and
geochemical modelling. This is a key to understanding the longdepbchemical impact of
CO; storage. Using three different models (GEM-GHG, PHREEQC T@ddGHREACT)
both the geochemical interactions as well as their impact orrdasiporosity was assessed
for the Nordland Shale cap rock and the Utsira reservoir overahdsf years. Results on
impact of dissolvedCO, on the cap rock after 3000 years at Sleipner shbatdepending on the
reactivity of the cap rock, vertical diffusion of @@an be retarded as a consequence of
geochemical interactions. The calculated porosity change i$ anthls limited to the lower
few metres of the cap rock. A slight decrease in porositgreédicted due to alteration of
plagioclase and is entirely dependent on the exact chemical compasdithe solid solution
(with pure albite and anorthite as end-members). This slow prodghsslightly improve the
cap rock sealing capacity. Moreover, at the cap rock/resemvairface minor carbonate
dissolution is expected to occur. After a 10 000 year simulation &aals2006 concluded
that:

CO,is completely dissolved and it is possible to assess its lomgféte at this stage:
for 100 moles injected, approximately 70 ends up dissolved in the fomveater, 30
are released as a consequence of carbonate dissolution, and 60 end®nip in
bicarbonate form;

main mineralogical changes take place where the dense tyn@o® bubble was
present and there most of the carbonates dissolve;

Overall results indicate that in the Utsira case geochemicalioeaciother than dissolution of
CO; and pH change, are unlikely to play a major role due to its Igerveir temperature
(37°C) leading to very slow reaction kinetics and its litdactive mineralogy. Besides the
reactivity in the cap rock induced by diffusing £€© expected to be minor in general, and
was positive with respect to the sealing efficiencyhis study.

The integrity of the caprock is very important with regard to, &©rage in underground
operations. Caprock properties of the Nordland Shale recoveredHeot/9-A11 well, was
assessed for integrity at the Sleipner area (Spande.indgren, 2006). In the study reservoir
condition experiments on fresh caprock samples were carried dutheitaim to determine
capillary entry/break-through pressure aindsitu porosity-permeability properties of the
Nordland Shale caprock. They found out that the Lower Seal of theldddr Shale
succession has a thickness of 50-100 m and is the primary sealltsira Sand atdepth of
approximately 800 m near Sleipner. Timesitu porosity is 34-36% and permeability 750-
1500 nD it can be classified as a shallow seated caprock wipkenies very different from
what is observed for typical petroleum caprocks that have been buuietl aeeper. Such
caprocks often have porosities below 20% and permeability below 1(@e®hurstet al,
1999).

Capillary entry pressure was 3-3.5 MPa taNd CQ gas and 1.7 MPa to supercritical £0
(scCQ); thus the entry pressure seems to be solely related totékacial tension properties
of the subject fluids. There was no significant differebeeveen entry pressure and break-
through pressure; in all experiments where this could be testald-through occurred after a

97



while with no additional pressure increase relative to theyemtessure (Springand
Lindgren, 2006). Reservoir pore pressure in the Utsira Sand whin &-11 MPa from top to
bottom; in this pressure regime scO@ensity is 500-700 kg/fn With a formation water
density of 1013 kg/fta density contrast of ~ 400 kgfmould seem reasonable, which means
that the caprock would hold a sc&€dlumn of ~ 400 m. With a maximum thickness of ca.
300 m of the Utsira Sand and much less for the sditiBble spreading beneath the seal it
seems unlikely that scGWvill enter the Nordland Shale (in other words the Nordland Shale
has high seal capacity). However, this conclusion may chiimggional variation in grain
size exceeds the range observed in the 15/9-A11 well.

During and after the injection of carbon dioxide (;Gome of the C@can dissolve in the
formation water, some can react with the present mineralsoamel af the C@can exists as a
separate phase (immiscible). Mobility of immiscible £8 of major importance for
evaluating the risk of leakage. Khatiti al, 2006 studied the impact of regional water flow
on the distribution of immiscible Cusing numerical modelling of reactive transport at the
Utsira formation. They used input data for the simulatiomslai to the CQ storage facility

at the Sleipner Vest field in the Norwegian sector of the INSdga. For example, injection
rate, geometry, injection period and medium properties.

A regional flow of 1 m/y of the formation water considered during siraulations.
Immiscible CQ is mobilized due to buoyancy forces, and by the movement of the formati
water. Spatial evolution of the G@nmiscible phase at times 1 year, 10 years, 20 years, 100
years, 170 years, 200 years, 400 years, 500 years and 1000 yeasawuated (Figure 29).
The range of C@immiscible saturation is 0.01 to 1.0. It is interesting teerintthe Figure
29c that within 20 years GQeaches the boundary. Immiscible £g&t carried away by the
regional water flow. The authors used a regional water fldes @& 1 meter per year. This
value may not be a very good estimate of the natural fluid #owhe Utsira formation
(Holloway at al., 2002). Numerical simulation has calculated fluid velocitiethe order of 2
to 4 meters per year (Torp and Gale, 2004). Roughly speaking a idtponaf 4 meters per
year can push immiscible GQo the boundary of a 3000x3000x206 domain within a
period of 5 years. Regional flow can thus dramatically affeetGQ distribution. This hints
further that pressure build up as a consequence gir@ation is unlikely to occur.

Monitoring is essential for many purposes. It can be used to qutrgifgmount (mass) af
situ CO,, thereby testing the monitoring techniques, and possibly thegstpracess in the
reservoir. One of the largest sources of uncertainty imat#s of C@mass comes from
uncertainty in the density of GQvithin the Utsira formation (Noonegt al, 2006). The
density of CQdepends primarily on the temperature. Until recently, mosteoivork that has
been done in reservoir simulations and in estimatingnts#u CO, mass has assumed that the
37 °C measurement is correct, and that the, @énsity is 650-700 kg/Mm(Nooneret al,
2006). Therefore, determining tiresitu CO, density is important for the long-term modeling
and predictions. Noonet al. (2006) used time-lapse seafloor gravity measurements to image
and to put constraints on tlre situ density of the C@ An in situ CO, density around 530
kg/m® is determined with uncertainty in determining the average geissi¢stimated to be
+65 kg/ nt (95% confidence), however, additional seismic surveys are prbpmgere firm
conclusions can be drawn. They have indicated that future ynadasurements will put
better constraints on the G@ensity and continue to map out the GlGw.
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Figure 29 Spatial evolution of the COmmiscible phase-isovolume of G@fter (a) 1 year, (b) 10 years, (c) 20
years, (d) 100 years, (e) 170 years, (f) 200 y€gy=400 years, (h) 500 years, and (i) 1000 ysemnsilations
(after Khattriet al, 2006)

Monitoring is also required to assess whole reservoir performdimoe-lapse 3D and 4D
seismic surveys have been successfully employed to image taguouwhd CQ(Arts et al.
2002, Chadwiclet al. 2005). These studies were able to monitor the known injected amounts
of CO,, however, some aspects of reservoir structure and propestiesned imperfectly
understood and thus they could not provide a unique verification of conmpletevoir
behaviour (Chadwiclet al, 2006). Recent studies (Chadwiehal, 2006) assessed the key
aspects of the seismic data that constrain models gfn@@ation through the reservoir.
These key aspects of the seismic data comprise derivatiayesfthicknesses from seismic
amplitudes data (tuning), topographic analysis of the reservoueigos CQ@- water contact
(static ponding), and thickness determination from combinations cdrti@itudes and the
structural analysis (Chadwiat al, 2006). This study show that the topmost layer of the CO
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Figure 30 Growth of the topmost CQayer mapped through time via seismic amplitudésle
denotes location of injection point), Chadwigtkal.2006.

Table 7 Volume of CO2 in topmost layer computedrfithree different methods (Chadwiekal. 2006).

plume can be most accurately characterized, its rate otlyauantified, and C&flux at the
reservoir top estimated. Seismic reflection amplitude miigsie 30) show how the topmost
layer has grown from two small patches in 1999 to an accumuldtioansiderable lateral
extent by 2002. A north-trending linear prolongation is prominent, correspoiali@
migrating northwards along a linear ridge at the resetupir

The volume of C@within the topmost layer was computed for the three methodsckhéss
determination (Table 7), assuming a mean sand porosity of 0.38 \witiatBans computed
using a laboratory determined relationship between buoyancy fandesagillary pressure.
From the topmost layer volumes, the rate at which &3 arrived at the top of the reservoir
can be estimated. Taking, for example, the amplitude-steuttiicknesses, an estimated 1.8 x
10°m® of CO, arrived at the reservoir top between the 1999 and 2001 surveys, ageaffex

of ~250 i per day. Between the 2001 and 2002 surveys ~1.P m6f COz arrived at the
reservoir top, an average flux of ~45G day*. Between the 2002 and 2004 surveys a further
~3.1 x 16 m® of CO; arrived at the reservoir top, averaging ~400day'. These volumes
correspond to ~3.7%, ~6.2 % and ~6.5% of the total amount efirg&ated during the
respective periods. Measurements on the 2004 dataset are, pelatinary, but the data
nevertheless indicate an early increase in flux rates folldyedabilization. Comparisons of
observed fluxes derived from the seismic data do not matdiotheimulation in this study,
due to the possibility that chemical reactions of ,G@th mudstone mineralogies are
producing new mineral phases capable of significantly reducing medpmnosity and, by
implication, permeability (Chadwicét al, 2006). The analysis indicates that, following early
and quite rapid establishment of flow pathways, mudstone flow propdréiee remained
fairly stable. This improves confidence in likely caprock ditgin the presence of CQand
more generally in the validity of longer-term simulationgloime development.
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8.5 Geological security

Geological security of carbon dioxide storage depends on a numbexta&farhe first and
foremost prerequisite is a careful storage site selecTioa.storage site and its surroundings
need to be characterized in terms of geology, hydrogeologyhgeistry and geomechanics
(structural geology and deformation in response to stress chantpesprdatest emphasis
should be placed on the reservoir and its sealing horizons to avoigédsakaough the seal
and/or faults. At Sleipner, characterisation of the reseuir caprock was carried out at a
range of scales. Available geological information show thagnskte rifting and normal
faulting occurred in the North Sea and the Norwegian Sea beaidrdwing early Cenozoic
(Paleogene period, 65-23 million years). The Utsira formationdeassited in late Middle
Miocene (ca.20 million years) to Early Pliocene (~13 milliorarg® Recent geological
structures are associated with mud volcanoes and intrafornidtoita and are more likely
to affect the underlying Oligocene (ca. 36 million years) sedis (Fabriol 2001).
Microseismic studies show that the injection of G®sands of the Utsira Formation should
not trigger any measurable microseismicity except in imperraeabsemi-permeable shale
lenses that block the rise of the £@ward the top of the formation. Absence of major
tectonic events after the deposition of the Utsira formatmupled with the evidence from
microseismic studies further builds the confidence in geolbg®eurity of carbon dioxide
storage at Sleipner. Moreover, evidence (e.g. reserawirfiodelling and seismic monitoring
of the injected Cg) from ten years experience shows no leakages of carbon diogite fr
storage site.

Monitoring is needed primarily to build our confidence in geologicalisty of CGO, storage.
Specifically, to detect leakage and provide an early warnirmngfseepage or leakage that
might require mitigating action. Also to ensure and documennhjietion process, verify the
quantity of injected C@ that has been stored by various mechanisms and finally to
demonstrate with appropriate monitoring techniques thai @@ains contained in the
intended storage formation(s). This is currently the prineipethod for assuring that the €O
remains stored and that performance predictions can be veafield requires some
combination of models and monitoring. At Sleipner the, @§&ction process was monitored

using seismic methods and this provided insights into the geomedigtabution of the
injected CQ. It also allowed increase understanding of the, @@gration within the

reservoir.

The effectiveness of geological storage also depends on a atibirof physical and
geochemical trapping mechanisms (Section 3.2). The mostieffestorage sites are those
where CQ is immobile because it is trapped permanently under a tlokpérmeability seal
or is converted to solid minerals or through a combination of physigakchemical trapping
mechanisms. Reservoir simulations were carried out sucdgssfuloth local and regional-
scale models followed by a calibration of the local resiemnodel to verify the seismic and
geological interpretations and to predict the long-term fathe stored C@ The results of
the simulations show that most of the Z@cumulates in one bubble under the cap seal of the
formation a few years after the injection is turned off. Ti& bubble spreads laterally on top
of the brine column and the migration is controlled by the topograpliye cap seal only.
Thus preliminary results suggest that in the long term (> B0syehe phase behaviour
(solubility and density dependence of composition) will become ciwetrolling fluid
parameters at Sleipner. The primary benefit of solubiligpging is that once COis
dissolved, it no longer exists as a separate phase, theretiyatiing the buoyant forces that
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drive it upwards. Next, it will form ionic species as thekrdssolves, accompanied by a rise
in the pH. Finally, some fraction may be converted to stableocate minerals (mineral
trapping), the most permanent and secure form of geologicabstofaie recent studies at
Sleipner area (Section 8.4) strengthens further the geologicatitgeof carbon dioxide
storage in the Utsira formation.

Evidence from oil and gas fields indicates that hydrocarbons armat géses and fluids
including CQ can remain trapped for millions of years (Magoon and Dow, 1994isBaav
et al, 2005). Carbon dioxide has a tendency to remain in the subsurfdatvdreo
hydrocarbons) via its many physicochemical immobilization mechemiswWorld-class
petroleum provinces have storage times for oil and gas of 5—-10@nnyikars, others for 350
million years, while some minor petroleum accumulations have seead for up to 1400
million years. However, some natural traps do leak, whiatfamies the need for careful site
selection, characterization and injection practices.

8.6 Environmental issues

Carbon dioxide storage in geological formations is a safe wawcloeve large-scale
reductions in emissions. The dominant safety concern about geolagicaiesis potential
leaks that can cause potential local and regional environmemzeidsa Leaks can either be
slow or rapid. Gradual and dispersed leaks will have vefgrdiit effects than episodic and
isolated ones. The most frightening scenario would be a larddes, catastrophic leak. This
kind of leak could be caused by a well blowout or reactivation ofieeanhidentified
geological structures due to for instance microseismic dh egrack events. The most
noteworthy natural example of a catastrophic, @fease was in the deep tropical Lake Nyos
in Cameroon in 1986 in which a huge released g3 cloud killed 1,700 people in a nearby
village. A sudden leak also could result from a slow leak Qe is temporarily confined in
the near-surface environment and then abruptly released.

CO, being a nontoxic at low concentrations can cause asphyxiation pyirogrdisplacing
oxygen at high concentrations. For large-scale operationakto@age projects, assuming that
sites are well selected, designed, operated and appropriatatitored, the balance of
available evidence suggests that it is very likely tlaetfon of stored C@retained is more
than 99% over the first 1000 years, implying very negligible risl@mvever, should leaks
occur, the possible local and regional environmental hazardescebed in Section 6.4.

At Sleipner CQ storage project it is important to demonstrate through monitaimd)
verification procedures to detect potential leaks if any. Manigjotechnology that can
measure C@concentrations in and around a storage location to verify effembiv@inment
of the gas needs to be placed. Leakage from a naturallyrowg underground reservoir of
CO; such as in Lake Nyos in Cameroon and in Mammoth Mountain, Cadifopnovides
some perspective on the potential environmental effects. Thendeted to the death of
plants, soil acidification, increased mobility of heavy rieetand human fatality. These sites
are a useful natural analog for understanding potential leakale, but for instance
Mammoth Mountain is situated in a seismically active aredkeithe sedimentary basins
where engineered GQtorage would take place. Still, we should be wary of undue optimis
and continue to question the safety of artificial underground §€l@age. Given potential
risks and uncertainties, the implementation of effective oreasent, monitoring, and
verification tools and procedures will play a critical role iarmaging the potential leakage
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risks. Continued research on the mobility of the injected @@d the risks associated with its
leakage) should be high priorities. Risks associated witha¢galkrom geologic reservoirs
beneath the ocean floor are less than risks of leakage fsmrvo@s under land, because in
the event of leakage, the dissipating G@uld diffuse into the ocean rather than re-entering
the atmosphere. But then hazards to ecosystems will lmnoém (Section 6.4.3).

8.7 Conclusions

The security of carbon dioxide storage in geological formationsaiind foremost depends on
careful storage site selection followed by characterizatiothefselected site in terms of
geology, hydrogeology, geochemistry and geomechanics (structurajgewid deformation
in response to stress changes). The Utsira Formation ischeslacterized with respect to
porosity and permeability (good storage capacity and injectivity)eralogy, bedding, depth,
pressure and temperature. It is a very large aquiferavitiick and extensive claystone top
seal. Available geological information shows absence of miaconic events after the
deposition of the Utsira formation. This means that the gembgnvironment is tectonically
stable which implies that the site is suitable for carbon diostideage. Microseismic studies
suggest the injection of GGn sands of the Utsira Formation has not trigged any measurable
microseismicity. This further builds the confidence in gelaigsecurity of carbon dioxide
storage at Sleipner. Moreover, evidence from ten yearsierperof carbon dioxide storage
shows no leakages.

The Sleipner project is a commercial £@jection project and proved that @€apture and
storage is a technically feasible and effective method feerdrouse mitigation. It further
demonstrates that GGtorage is both safe and has a low environmental impact. Moniiering
needed for a wide variety of purposes. Specifically, to ensudedacument the injection
process, verify the quantity of injected £€@at has been stored by various mechanisms,
demonstrate with appropriate monitoring techniques thai @@ains contained in the
intended storage formation(s). This is currently the prineipethod for assuring that the €O
remains stored and that performance predictions can bdederfinally monitoring is
required to detect leakage and provide an early warning of apggeer leakage that might
require mitigating action and to assess environmental eff@tis. work that has been
undertaken at Sleipner Gas Field has shown that the inje@gda@ be monitored within a
geological storage reservoir, using seismic surveying. @eechemical and reservoir
simulation work have laid the foundations to show how the 2@ reacted and what its long
term fate in the reservoir will be. The results of tlreudations indicate that most of the CO

accumulates in a stack of accumulations under thin claydagterbedded in the sand unit
few years after the injection is turned off. The (ime spreads laterally on top of the brine

column and the migration is controlled by the interbedded thin elggrd within the sand
unit. In the long term (> 50 years) the phase behaviour (soluhiitlydensity dependence of
composition) will become the controlling fluid parameters atp@kei. The solubility trapping
has the effect of eliminating the buoyant forces that dri@e @pwards and through time can
lead to mineral trapping, which is the most permanent aswteséorm of geological storage.

The recent studies at Sleipner area reveal the integritheofcap rock (efficient sealing
capacity). The injected GOwill potentially be trapped geochemically and the regional
groundwater flow having an effect on the distribution of,@@th the potential of pressure
build up as a result of COnjection is unlikely to occur. Monitoring techniques (both Time-
lapse Gravity and Seismic methods) proved to be key tools in unuirgtathe whole-
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reservoir performance. Overall, the recent studies apr&eiarea demonstrate further the
geological security of carbon dioxide storage and the monitoring streisgthen verification
of safe injection of C@in the Utsira formation. Subsequent work in the following yésrs
necessary to reinforce these findings further that &@rage is safe through monitoring and
verification procedures that will be able to detect poteldaks.

8.8 Recommendations

Several CQ@ storage projects are now in operation and being carefully monitdcetbakage
of stored CQ out of the storage formations has been observed in any ofittemtprojects.
Although time is too short to enable direct empirical conclusiormutathe long-term
performance of geological storage, it is an indication thai €@ be safely injected and
stored at well characterized and properly managed sites. &iogiof existing projects in the
coming 10-20 years is crucial to the broader understanding of t@@sport, trapping
mechanisms and storage security and to predict long-duratianmparice. However, if leaks
occur, tools for monitoring possible local and regional environmentartés&zshould be in
place together with remediation measures. In this sectiomajereommendations which are
thought to contribute to better understanding of geological storagegimMih regard to
security and environmental safety. Also the measures neededtadken in future are listed
below.

1) Storage capacity determination for large scale carbon dioxmage should be
determined as accurately as possible. The problem of heterggameitporosity
should be assessed carefully. Reaction of thewdth formation water and rocks may
result in reaction products that affect the porosity of the anckthe flow of solution
through the pores. This possibility has not been observed experimesallyts
possible effects are not quantified. It is important to asthese effects to get better
knowledge about the reservoir and migration patterns of theed|&D.

2) During site characterization greatest emphasis are placeatieoreservoir and its
sealing horizons. However, the strata above the storage fonmatid caprock also
need to be assessed because i l€&ked it would migrate through them.

3) Geological storage projects will be selected and operatedotd leakage. However,
in rare cases, leakage may occur and remediation measurée widleded, either to
stop the leak or to prevent human or ecosystem impact. Moreogeaydiilability of
remediation options may provide an additional level of assurances tputilic that
geological storage can be safe and effective. Therefore ampieopemediation
options must be identified in an event of a leakage saenari

4) The Utsira Formation is a very large aquifer with a ttdokl extensive claystone top
seal. The aquifer is, however, unconfined along its margins.important to assess
the time required for the migrating G@ reach at the margins of the aquifer.

5) To predict the migration of C{@ver a period of several thousand years a coarse grid

model was used due to computational constraints. However, gtatrzamay miss
narrow linear anomalies or patterns of linear features on thacsuttiat may reflect
deeper fault and fracture systems, which could become natigedtion pathways.
Future modelling should account such uncertainties.

6) During the SACS project (Best Practice Manual, 2004), the &dckbservation
boreholes and related samples made it impossible to monitor ditteetyeochemical
processes occurring within the Utsira at Sleipner. Also nteractions of CQOwith
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borehole cement were not addressed in the study. Assessment ishethshould be
a priority in future monitoring activities.

7) Evaluations on the risk of leakage through injection well, s@ad, stress release
events due to injection of G@nd their probabilities on the release of,GBould be a
priority. Moreover, quantification of the short-term and longrtedealth-Safety-
Environmental (HSE) risks, in this case the likelihood of iotpaon human and
marine life should be assessed.

8) Finally further research on the processes involved in both sealthghanigration of
CQO; in the underground and improved modelling tools is needed to predice¢ futur
behaviour of a storage location. Modelling tools need to be imprawedigh
calibration on real life experiments. Demonstration under differgeological
conditions is also pointed as important both for improving the understabndirajso
to prove to the public that storage are safe.
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