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FIFTH WORKSHOP OF THE INTERNATIONAL RESEARCH
NETWORK ON WELLBORE INTEGRITY

Executive Summary

The IEA GHG Wellbore Integrity Network has been running for 5 years now, and the meeting in
2009 was held in Calgary, Canada. The attendance for the meeting covered the usual mix of
industry, academia, research and regulators, but there was a noted increase in attendance from
industrial companies. This was demonstrative of the local area that the meeting was held in, with
a large number of oil companies working in the surrounding province.

This increased industry representation moved the discussion sessions to areas previously not
addressed, or only addressed in brief outline, and this is indicative of the progress of the meeting
and its continued worth. A possibility for the future of the network will be an alteration in its
role, from pure research into wellbore integrity, materials and abandonment procedures, to one
of education of industrial operators, and the broaching of the gap between experience gained
from the oil and gas industry, and the needs and demands of regulations relating to CO, Capture
and Storage (CCS) operations.

The format of the meeting allowed for short 20 minute presentations, with allocated time for
questions, and also for prolonged discussion sessions where ideas and experiences were
discussed at a greater level of detail. These discussion sessions are the primary focus of this
report, and the presentations are available on the network webpage for reference. The meeting
also encompassed thoughts for the future direction of the network, and the final session split the
delegates into 3 breakout groups to discuss possible content for a status report to be issued by the
network.

Presentations covered 4 areas; risk and regulatory environment, field studies, remediation and
leakage, and modelling of wellbore processes. The facilitated discussions followed each session,
and generated insightful debate amongst participants.

Again, the level of involvement that continues in these meetings demonstrates the continued
relevance of wellbore integrity as a topic for investigation, and the gradual transit between
research biased to industry experience is an important step in moving from research to
demonstration.
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Session 1; Introduction

1.1 Wecomeand Introduction, Toby Aiken, IEA GHG.

The workshop was introduced by Toby Aiken, and as the delegates included many newly
represented countries and individuals, the introduction commenced with a brief explanation and
history of the network.

This meeting will look to the future, addressing the questions of what should be set as the
objectives for the next few years, and how the network should be developed. A brief safety
announcement was covered by Theresa Watson, and an additional introduction was given by Bill
Carey in his role as Network Chair.

Bill reiterated the focus on the future, and urged delegates to think about the future during the
course of the presentations and discussions to follow. Looking at the big picture, we need to
determine how researchers focussed on wellbore integrity can make quantitative, confident
predictions on how wells will perform in the long term in the presence of CO2, and how can the
Wellbore Network contribute to this process. These meetings are attended by delegates from all
over world, with top researchers; how do we make a difference? We have the people, the
knowledge and understanding necessary, so we need to work out how to turn this capacity into
an effective contribution.

Session 2: Risk & Regulatory Environment for Wellbore Integrity,
Chair: Walter Crow

2.1 Wdl Blowout Rates and Consequences in California Oil & Gas District 4
from 1991 to 2005. Preston Jordan, LBNL

This presentation addressed frequency of well blowouts, which in this context are seen as any
uncontrolled or unplanned leakage event. Consequences of blowouts relate to the level of leak
and the time passed before detection; a quick detection will result in lower consequences. A
limitation of the data set is that events with comparatively low leakage rate are often taken care
of in the field, and therefore they are not necessarily reported.

Recent newspaper reports included details of a fairly major blowout that wasn’t reported by the
regulatory agency. This is seen as another illustration that the more consequential the blowout,
the more likely to be included in released figures. Graphical analysis shows a definite trend in
blowout occurrence and frequency decreasing from 1991 to 2005, while over the same time
period oil production doesn’t show the same reduction. This suggests that improvements in
engineering solutions or management practices over the corresponding time period have
improved.



Data can be represented in terms of blowout frequency per operation®, blowout rates according
to well usage basis?, on a fluid basis - i.e. how many blowouts per given volume of fluid
injected.

Follow-on work is planned on the same methodology and analysis in Texas, where blowout
patterns are much more erratic and less well understood.

Question: Is there any noted -correlation between blowout occurrences and well
abandonment methods?
Answer: No correlation was noted, but timescale analysis noted a pattern in failures

occurring predominantly on either first stress event (first injection), and at the end
of life. This wasn’t analysed on a well-by-well basis, so no categorical conclusion
can be made here.

Comment: A comment was made that deeper drilling practices in Texas could be of
relevance and lead to more peaks in blowout rates.

Comment: Many sub-surface blowouts can lead to surface blowouts following migration
along the fracture line instigated by the initial sub-surface blowout.

Question: The rates suggest blowout occurrences are approximately 1 in 100,000 wells, per
year; to qualify this, how many total abandoned wells are in the district?

Answer: Not totally sure, but certainly 10’s of thousands. The manner of reporting
occurrences statistically means that the relevance of total number of wells is
limited.

Comment: A comment was made on the definition of “blowout” to include any uncontrolled
release. This could include any process ranging from what in other contexts are
called Sustained Casing Pressure (SCP) to major industrial accidents.

22 CO, Storage — Managing the Risks of Wellbore Leakage over Long
Timescales, Olivier Poupard, Oxand

The context of this talk was aimed at how to demonstrate integrity and long term confinement to
authorities in order to facilitate permitting of storage operations. Operators will need to be able
to illustrate the extent of knowledge of wellbore leakage causes and processes, as well as an
understanding of mitigation needs to address leaks.

The Oxand P&R™ approach is a risk based approach covering probabilities and likelihood of
events according to many different factors. It provides a global overview of the risk associated
with specific sub-systems of the wellbore (casing, shoe, external annulus), while defining
acceptance levels facilitating determination of project feasibility.

Effectively Oxand’s approach gives a one-stop option for risk assessment with specific focus on
wellbore integrity. The system includes modelling of flow in a wellbore system, and case studies

' A potential limitation here is that no distinction is made between short and long term operations, casting the benefit
of this statistic into doubt.
2 From this it is possible to determine the relative importance and impact of usage to blowout rates.
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shows the application of the approach to an abandoned well, and incorporates cement quality
through wellbores as a factor for the probability of leakage.

Question: Does the simulation take into account interface pressures, and does it look at
release to the atmosphere in relation to US EPA concerns over gas return to
atmosphere?

Answer: Pressure conditions are taken into account, and the ‘“maximum limit’ conditions
are used for the modelling process.

Question: The presentation slides indicated complex reactions in the model, but the model
only used a 2-phase flow approach. What was the level of complexity used in the
modelling?

Answer: The project researchers developed a system which considers 2-phase flow, and
also models the corrosion processes present at the different elements. The
corrosion modelling is based on simplified models, which are derived from more
detailed models which can provide information on the macroscopic Kinetics
derived from pH, pressure and temperature conditions.

2.3 Qualitative and Semi-Qualitative Risk Assessment Methods to Evaluate
Potential CO, Leakage Pathways through Waells, Claudia Vivalda,
Schlumber ger

This presentation from Schlumberger looked at the limitations that can be encountered in the
early stages of the project life-cycle; data is often not present, time to perform a risk assessment
is often lacking as well; however despite these potential barriers, the order of magnitude of the
results is often sufficiently indicative to provide an assessment.

The methodology described in the presentation uses experts’ judgements to assess the quality of
the wells sealing capacity, and the potential for CO, leakage, together with an analysis of the
impact on specified targets, i.e. geosphere, atmosphere and other areas.

In the process for defining methods to determine and identify leakage pathways, experts are used
to identify potential pathways, including looking at how pathways occur and can be formed. The
second method involved the experts filling in a risk register, looking at specific hazardous events
at specific elements of the wellbore system. A risk register classifies whether an element or fault
can or can’t be part of a leakage pathway, and this in turn identifies leakage pathways that are
likely to have an impact on the storage integrity.

Question: Were the consequence tables established before the assessment, or with input
from the expert panel?
Answer: The tables were set up before, so a potential issue or limitation of the assessment

could be that the outcome is predetermined by rankings, levels and probabilities.
The tables can “precondition’ experts to think along given routes.

Question: In relation to the term ‘severity’, severity relates to impact on a given
consequence category. Did the study only look at health, safety and
environmental impacts or also on technical performance issues as well? Also, if
the expert judgement is relied upon too heavily, there could be difficulties in



convincing the general public of the validity of the judgements based on relatively
few experts.

Answer: All impacts are considered, not just health, safety and environmental. Although
there could be issues with public perception, assessments are currently being
completed to gain a technical understanding; this is the 1% step, and other steps
will follow for public perception.

Question: Would this analysis be completed on every well in a project?

Answer: No, an assessment would be made based on well categories, and some common
sense must be applied to the well groupings.

24 Regulatory Practices in Alberta, Tristan Goodman, ERCB (Energy
Resour ces Conser vation Boar d)

Next came a high-level presentation describing how Alberta regulates oil and gas operations
including acid gas disposal. The role of the ERCB is to determine what operators can and can’t
do within the Alberta province. This involves gathering information from many sources before
making decisions. The ERCB is neither pro- nor anti- development as resource conservation
focuses on not wasting resources. This can be explained by utilising alternative energy supplies
or uses for wastes such as reducing the amount of gas flared from oil production facilities by
using the separated gas for other purposes.

ERCB is looking at transport and storage aspects of the CCS chain, but also incorporates EOR
activities. ERCB currently regulates CCS (defined as permanent disposal of CO,) under the
existing acid gas regulations. The regulations currently focus on depleted oil and gas fields, with
some smaller focus on aquifers, but with the overall aim to contain CO, in the subsurface.

Question: Will regulations be prescriptive?

Answer: Good question, they are currently at least semi-prescriptive, and working with
operators, and although the ERCB would like the regulations to be fully
prescriptive, that would involve a lot of work to develop from the current

position.
Question: The government have suggested that the state will never take liability, with the
view that if the risk is as small as stated, then the operator can retain the liability.
Answer: This is a good point; the regulator wouldn’t make the decision on whether the

Government of Alberta would accept liability. The process in place would be to
ensure that the public purse doesn’t get hit with huge liability costs. There are
currently set ups that can help with this, such as the orphan well fund.

Question: The presentation indicated 12 permanent disposal wells: what differentiates this?

Answer: This should be clarified as internal data; it is not going to be used elsewhere. It is
an internal marker, and refers to acid gas wells with high CO, content.

Question: Does the current regulation consider wells above a proposed or active storage
formation?

Answer: Yes, the questions still outstanding are based around how far above, and a

research team is currently working on this on a case by case basis. When more
information is held on file following operational applications, then specific
numbers may be drawn into regulations.



25 Well Abandonment Practices Study, Tjirk Benedictus, TNO, & Naell
Wildgust, IEA GHG

Tjirk was unable to attend the network meeting, and Neil gave the presentation in his place. It
reported the work of a recently completed IEA GHG-funded study on well abandonment
techniques and practices, and the regulations that influence them around the world.

Comments were made regarding the wording of some of the comments in the report; the report
suggests that recompletion of abandoned wells is unfeasible, and many participants contradicted
this. In Canada and the USA, if the wells are on land and of known location, then recompletion is
quite a common practice. In the USA, some examples exist of recompletions having been
successfully performed on wells up to 70 or 80 years old. The comment would be more accurate
by stating that in some circumstances, recompletion can be uneconomic. This suggests that if the
situation and economic factors change, a recompletion could become economically feasible.

The survey that was distributed by TNO was not well returned, and suggestions were made that
the questions could be reformulated and the questionnaire redistributed in order to obtain more
responses, making the data gathered more valuable and defendable. To achieve this, the
questions should be more closely focussed.

Concerns were also raised over the suggestion of venting as a method to mitigate leakage. This
should be clarified further to stipulate that this would be a safety measure rather than a viable
mitigation option. Also, pressure reduction should be emphasised as a preliminary measure
before resorting to venting.

It was also commented that in some countries, well abandonments are classed as temporary, and
some of these still have wellheads in place. Remediation of these wells could therefore be a
much cheaper and simpler option than drilling new wells.

2.6 Facilitated Discussion, Session 2

Shell’s decision not to proceed with storage in the De Lier field in the Netherlands (cited in Tjirk
Benedictus’ TNO presentation) is an example of the abandonment of a storage site due in part to
difficulty in quantifying risks of wellbore leakage. The abandoned wells in question were cased
and cemented over the proposed storage interval but lacked a cement plug protecting against
flow through the internal annulus. The likelihood of wellbore leakage may be quite low, but
uncertainty about the long-term behaviour of the wells led to rejection of the site. Shell
abandoned plans for CO, storage at this site because of uncertainty and high cost of fixing the
wells. This is an example of what we don’t want to happen.

The problem was not with the wells or the abandonment methods used as such, rather that the
wells were plugged and abandoned with the wellheads capped at a depth of 3 metres below the
surface, in a location subsequently subjected to construction, and many wells are now under the
foundations of residential and industrial properties. It is therefore not possible to re-enter and
recomplete these wells without relocating the properties and buildings, and it is this aspect that is
considered uneconomical. Another aspect of the excessive costs involved, was that the proposed



storage layer was above the plugging levels of existing wells. Subsequently all plugs would have
needed re-assessing and relocating to the desired depth.

Comments have been made about the risk assessment process looking at the worst case scenario,
but the usage of “‘worst case’ in this instance is wrong. The worst case scenario would be a slow,
undetectable leak to groundwater leading to mobilisation of heavy metals into underground
sources of drinking water (USDW). If blowouts occur, they are readily detected and can be
fixed, so in many ways, they are not ‘worst case’ scenarios.

A question was fielded at this point regarding the workshop held by IEA GHG and BGS in
September 2008, and it was clarified that this workshop focussed on impacts to ecosystems,
rather than impacts on water resources.

Discussion next moved to address what processes are being followed to verify models. It’s easy
to state that with the correctly identified procedures being followed everything will be fine, but
we need to be able to verify this. Theresa Watson described a predictive tool that TL Watson
have developed, that identifies wells that could be susceptible to leakage, and during the summer
of 2009 there will be a project investigating the wells identified as high risk by this tool, and
ongoing field work will monitor the wells for gas movement.

Alternatives to predictive tools are experimental methods whereby models are used to predict
well performance, and then stress tests are undertaken to verify these predictions. This is a severe
method of verification and is unlikely to be widely used due to the extreme nature of the tests,
and the associated risks involved.

Models currently exist without verification, so the logical next steps are to put in place
monitoring strategies to verify the in-situ behaviour. Costs can be avoided by reducing the
monitoring / verification process to 1 well per field, but this wouldn’t give a large amount of
data. A possible solution would be random sampling in order to provide larger, more
representative data sets. Other suggestions include re-entry of old wells and installing monitors,
perhaps with the aim of forcing a leak to prove monitoring and verification, although this is
another extreme measure.

Another issue to be addressed if we are looking to prove storage over long periods of time is the
ability to have faith in the deployed monitoring equipment to last for the duration needed. If
tools suffer break down or malfunctions after 5 years, then the verification process will be
severely hindered, with costly redeployment involving increased risk. There is a need to develop
credible monitoring system to verify models, and system behaviour needs to be determined over
phases, including operation and closure. This will allow benchmarking against verified models.
The overall performance of the storage system needs to be determined as the physics and
geomechanics are understood, so combining these aspects into a ‘whole-system’ analytical tool
would be a beneficial activity.

Another issue for future consideration is that of the potential for monitoring equipment
installation to put the well at a higher risk than before installation. Monitor installation can cause
cement integrity issues, and this challenge must be overcome. One potential way to get around
this would be further development of enhanced surface monitoring methods. Alternatively, the
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cause of failure could be due to installation practices, and maybe improved installation methods
could remedy this.

It was discussed that of the large repository of information available, expert analysis provides a
non-destructive perspective, and we are not using all of the expertise available at this time. We
have knowledge and data of failed wells, and generally these are mitigated or repaired. Perhaps
tests should be undertaken to determine the cause of the failure, and this information can then be
used as a learning tool. The initial data from failed wells can then be provided as input criteria
for the models as a verification process; will the models predict the failure that were known to
occur?

At this point, it was highlighted that conclusions should not be drawn from small samples, and as
much data as possible should be combined to generate most accurate results as possible. Taking
a step back and looking at the high level numbers, it is known that in Alberta there are between
10,000 and 20,000 known well leaks out of more than 350,000 wells. If it can be demonstrated
that this can be detected, this number could be used as the basis to perform a risk analysis.
However, some of the presentations given this morning describe well leakage rates of 1 in
100,000. This figure is several orders of magnitude different from the Alberta figures, which
could suggest there are more failures in fields that haven’t been detected. Qualification of
definitions is necessary in order to determine what classifies as a leakage, and this would then
need to be used uniformly in order to allow data comparison and compilation across reporting
regions.



Session 3: Field Studies of Wellbore Integrity,
Chair: Stefan Bachu

3.1 SACROC: a Natural CO, Sequestration Analogue in Wellbore Cement
Integrity Assessment, Barbara Kutchko, NETL

This presentation described the use of the SACROC site as an analogue for CO, storage, while at
the same time trying to broach the gap between field and lab work that has been undertaken
around the world. It was explained that lab experiments were aimed at simulating the injection of
COg,, and monitoring the alteration that occurs.

The conclusions went some way to explaining the differences noted between laboratory and field
samples, highlighting the complexities involved with the history of the field samples
general trends, which could in turn be used to predict how cement will react in different
circumstances. Experimental results were presented that replicated two distinct types of cement-
CO; reactions: distinct reaction fronts with formation of barriers to further carbonation as
observed at SACROC, and uniform and relatively rapid penetration of CO, at a CO, Capture
Project field site in a natural CO, gas field. The agreement between laboratory and field results
provides increased confidence that we can understand and quantify the impacts of CO, on
wellbore materials. The presentation concluded with preliminary experimental results on the
combined impacts of H,S and CO, on cement integrity.

Question: Has any work focussed on the impact of injected steam on wellbore steel?

Answer: Not yet, but hopefully future research will address this.

Question: What is the source of iron in the experiments?

Answer: It seems to be derived from cement, but as yet this is unconfirmed.

Question: The presentation reported data on hardness; were any other aspects addressed
such as permeability?

Answer: No, the carbonation zones were too small so no measurements were taken.

Comment: Regarding the presence of H,S; some areas have H,S dissolved in the existing
brine, and some experiments show that this will dissolve into the CO,, so the
result will be acid gas, even if not originally intended.

3.2 CO, CaptureProject Results from Buracica, Brazil, Walter Crow, BP

This presentation included some preliminary observations from a well integrity survey in an
EOR field in Brazil. Immiscible injection began in 1991 at a relatively low rate over a series of 7
injector wells. A line of water injectors were also used to prevent gas breakthrough. The overall
aim was to look at the results of 12 years of CO, exposure on the well materials.

The experiments and presentation placed a heavy emphasis on the interfaces as it is felt that they
present potential migration pathways in all of the samples that were taken. Samples show very
limited cement alteration or interaction with CO,; however the duration and quantity of CO,
injection was limited. This was despite the fact that the cement-caprock annulus contained
abundant filter cake. The steel present in the wellbores was also found to be in good condition,
showing little corrosion.
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Question: Were you surprised by the differences between the bond log and the filtercake
recovered?

Answer: The objective was to obtain data sets, so the variances were not as relevant,
although this will possibly form the basis of future work. This could be an
opportunity to test other tools in similar situations.

3.3 Salt Creek EOR Experience, Ken Hendricks, Anadarko

The Salt Creek project is an EOR operation that will eventually store 40Mt of CO, over the
project lifetime, anticipated to be 30-40 years. The operation as a whole has 4000 wells, 70% of
which were drilled prior to 1930. Due to this age range, the materials used throughout the
wellbores are varied, and many could pose problems to the operation. The wells illustrate a
variety of plugging methods, including telephone poles in some early wells which proved to be
highly inefficient.

The presentation gave a good description of the challenges that can be encountered when dealing
with older wells, many of which have no cement whatsoever. As a comparison to the report from
TNO, regarding re-plugging feasibility, of the 1200 wells worked over at this site, 600 were re-
plugged, so re-plugging is feasible in this situation.

Question: Are you allowed to inject without packers?

Answer: Yes, but this has only been permitted recently.

Question: Regarding the wells drilled pre-1930, what percentage is expected to leak?
Answer: A high pressure water flood has been in use since the 1960’s, and the majority of

problems occurred from wells that weren’t already identified, so on this basis it is
difficult to suggest a percentage.

Question: How much H,S was found?
Answer: Very low quantities.
Question: What is the cost differential between conventional and fibreglass completions?

There is approximately a 25-30% cost saving.

Question: What is the expected end of field life and does everything need plugging and
proving before handing ownership to the federal authority?

Answer: The field life is approximately 30-50 years, and the second answer is that it’s in
the interest of the operators to perform remedial work, and although no issues are
expected, they will do what is necessary.
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34 Resultsof Wellbore Integrity Survey at Weyburn Canada, Rick Chalatur nyk,
University of Alberta

This presentation gave a good overview of a large amount of data that has been obtained on
wellbore properties at the Weyburn site, and described data mining operations that could be used
to investigate correlations between wellbore properties and performance. The dataset that has
been created can be queried in various ways and permutations, giving a very valuable tool for
risk assessment and statistic generation.

Question: How will you handle uncertainties in the database?

Answer: Any uncertainties will be highlighted in the database, but they will be dealt with
by the use of models.

Comment: It was not realised by all delegates how much information was available from

historic well files. The information came from 4 sources of files, but there are
likely to be errors in the original forms, so it is possible that the quality control
could be an issue. It was also pointed out that while data entry error is possible,
any entries that are incorrect by an order of magnitude are not possible as the
database has inbuilt controls to prevents such input.

Question: Is the ultimate goal to enter data on all 3700 wells?

Answer: The database will only take that which is available digitally; so although it is
anticipated that the database will hold more than the initial 80 wells, it will not
hold data on all 3700.

3.5 Measuring and Understanding CO, Leaks in Injection Wells: Experience
from MOVECBM, Matteo L oizzo, Schlumber ger

ECBM is not a topic usually covered in the wellbore integrity network meetings, so Matteo gave
a brief description of the processes involved, and described the experience gained through the
MOVECBM project. The presentation included some simple definitions and explanations, for
example that a micro-annulus would be smaller than a human hair, and full of fluid or gas.

The presentation went on to explain the modelling that was undertaken for the project, and
concluded that various pieces of evidence suggested that CO, flow through the cemented annulus
was present in one of the wells, and that wireline technologies available now are able to
understand, predict, monitor and control CO flow through an micro-annulus.

Question: In the wet CO, environment in the micro-annulus, do you see evidence of casing
corrosion?

Answer: Corrosion logs were taken, and no corrosion was identified.

Question: The conditions look suitable for hydrogen entry into the steel, is there any
evidence of this?

Answer: The pH doesn’t drop below 5 until carbonation occurs, so this was not registered.

Question: Regarding the hydro-fracture procedure, was this performed down the casing or
the tubing?

Answer: It was performed down the tubing, which avoided exacerbating the situation,
however the pressure wouldn’t have been great enough to exacerbate problems
anyway.
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3.6 Effective Zonal Isolation for CO, Sequestration, Ron Sweatman, Halliburton

Ron Sweatman described the main concerns that Zonal Isolation attempts to overcome, including
the dissolution of cements damaging the annulus seal, leaks through damaged annuli, USDW
contamination, detrimental impacts on flora and fauna at the surface and unabated greenhouse
gas emissions.

No questions followed Ron’s presentation.

3.7 Facilitated Discussion, Session 3

Discussion commenced with the question of: Can the CCS community afford to perform the
research and data mining for all the potential CCS fields? It would be extremely expensive, and
there would be questions regarding the quality of the data when it is known that some data isn’t
reported or recorded. In reality, it probably wouldn’t be possible as the cost would be
prohibitive. A more realistic approach would be to learn from that which has been done and
extrapolate to other fields.

Next, the discussion moved to the definition of a well failure; it is frequently discussed, but
conflicting figures reported suggest that maybe there isn’t one strict definition being used across
all research activities The differences shown in figures reported relate to variations in the
definitions; the 1 in 100,000 reported in the morning session was related to abandoned wells
only, and the sustained casing pressure (SCP) reported in the Gulf of Mexico is not always
resulting from injected gasses, so can’t be used for a direct comparison. There are acid gas
operations where a hole will be drilled to release gas from depths of 20 metres, and under some
classifications this qualifies as a leak, but there are some who think that this should not be
recorded as such. Presentations and discussions continually talk about leakage rates, but without
a clear definition of a leak. Additional clarification is needed regarding data from the Gulf of
Mexico where SCP in the annulus is reported as up to 60%, but these wells can have 5 annuli so
it is unclear which one has the leak, if it’s the internal annulus then it’s likely to be a tubing
issue.

It was suggested that if the maximum flow is 800 tonnes per year (as per the ECBM example)
does this represent a significant flow? This would depend greatly on the individual situation,
method and other factors. Impacts of permeability and pressure are difficult to define as the link
is not direct, but they do have related effects. Generalised ‘acceptable limits’ may have to be
expressed as ratios to injected gas volumes. The question of leakage is important, and these
workshops seem to continue to meet, discuss issues, and not generate definite results. It is
understood that regulators will not accept leakage, so it is necessary for operators and researchers
to generate the answers. Session 6 will look at generating a synthesis report on the current state
of knowledge on wellbore integrity issues, and this could be encompassed into such a report.

At this stage, delegates representing industrial operators expressed the opinion that many
delegates seem concerned about predicting leaks, even when there isn’t a recorded history of
leaking wells. Industry operators have always focussed on building wells that don’t leak, and
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then fixing them if they do. It is widely accepted that industrial practices can do this, so why is
there so much focus on predictive modelling?

This was countered by the fact that public opinion of CCS operations is focussed on leakage, so
it is the responsibility of researchers to demonstrate the ability to predict, prevent, and mitigate
leaks. As industry can do this, it appears that the difference is due to the materials involved.
Carbonic acid is reactive with cements, but moist CO, isn’t. This is the key difference. The
impact of pressure increases exerted on depleted fields is also important, and if we look to over-
pressurise reservoirs, then we need to allow for the fact that these are situations that haven’t
happened before. It is accepted that at initial reservoir pressure, there won’t be issues, but as
soon as operators want to exceed reservoir pressures, as will be the case of deep saline aquifers,
they will be in new territory, and the situation may have potential problems.

Participants accept that one of the key aspects of wellbore integrity is that we have the
technology and capability to fix leakage when they occurs; but we are looking to be proactive
rather than reactive, and we also need to transcend the scientific knowledge to public acceptance,
and this is the bottom line.

If we want to inject into a reservoir with 10,000 wells, we need to make the assessment to go in
and deal with the wells that need addressing. Why do we model? If a problem occurs in 100
years, do we fix it or live with the situation? Modelling comes in here, and we need to try and
work out what the future will look like and fix it now (proactive), rather than when it happens
(reactive). If we build good wellbores, with a long life, then we shouldn’t have problems. History
shows us that we can deal with these issues, and we can design future wells to avoid such issues,
but abandoned wells are widely recognised as the key problem. We need to prove to the
regulators that storage will be safe and secure, and modelling can demonstrate our understanding
of this. Scale is also an issue that requires addressing; all the active EOR operations take CO;
from the equivalent of 9 power plants, and CCS will be required to deal with a much greater
volume, in total there are thousands of power plants, so we need to upscale massively.

The discussion then moved on to the topic of micro-annuli, and whether there is a concern that
the micro-annulus leaks discussed in CCS may occur in EOR operations as well, as it appear that
regulators have not taken steps to address this in EOR. The volumes involved in EOR are
negligible, so operators kill the well, fix it and go back to business as usual. In Alberta, the
situation is different in so much as there are small methane leaks that are relevant; if a well leaks
at the rate of 1 bubble in a minute, then it must be remediated before it is abandoned.

Most leaks have been recorded as less than a litre a day, so if this is what is being laid down by
regulators for methane emissions, what will they demand for CCS? The angst is caused by the
lack of motivation for fixing wells when the field is depleted and storing CO,, there won’t be
anyone to go back and remediate it as there will be no profit based motivation to fix it.
Regulations could form the motivation, if the regulations require remedial responsibility, and this
would replace the financial motive. If a company is paid to store as much as possible, as quick as
possible, and is not paid to monitor and detect leaks, it will undermine the operation.

Another question that was opened for debate and discussion was whether a well that performs
adequately today will be a problem in the future. If an operation includes a well that isn’t
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leaking, can operators be confident that these wells will continue to perform to the same
standard; the level of confidence in this must be demonstrable.

Determining leakage rate is similar to an economic evaluation as it determines the cost of
remediation for a project. Not convincing regulators will equate to no permits for CCS being
granted, so research must address the ‘missing links’ to allow demonstrative predictability. This
generates a question for the Monitoring Network; in the USA a Mechanical Integrity Test MIT is
required before injection, so operators are unlikely to approach regulators and suggest more
stringent testing. In order to get a permit, operators need to be able to confidently predict where
the CO, will be retained. As soon as it leaves this area, it can still be classed as “stored’, but it is
outside of the expected location, and this could be classified as a leak. Further complications
occur when considering the potential for the CO, to be where it was expected, but the initial
brine being displaced.

Pressure effects of injection into reservoirs must be determined, as the importance of this could
be high. In oil and gas reservoirs, operations are unlikely to exceed the initial reservoir pressure
by significant levels, but operations injecting into aquifers will exceed the initial pressure
conditions by design as there is no initial production phase before the injection phase.

Finally, the discussion moved to the economic impacts of leakage. A DOE study suggested that
0.01% of leakage on a global scale would make the entire CCS option unviable as a greenhouse
gas mitigation option. This seems unrealistic as it is not realistic to assume operations will
continue to lose that amount on a yearly basis, negating the validity of the scenario.

In the underground gas storage industry, operators are required to make a full assessment twice a
year. This assessment must check all reservoir conditions. Changes in pressures can reflect
leakage, so accurate monitoring of reservoir pressures will show leaks if they occur.

There is a need to be able to address brine displacement. If brine migrates from the initial storage
area, interacts with a poorly abandoned well in an adjacent formation, migrates along this well
and then interacts with USDW this would be a problem not involving CO,, but due to CO;
injection. Operators need to be able to predict the occurrence of this, and prepare against it.

The US EPA area of review states a 10 yearly review with the need to remediate any leakage
within 30 days of detecting it. However, operators must first remediate everything within the
area of influence. If models show migration outside of the 1% area of review, then operators will
probably have to review more frequently. If anomalies are detected outside of the area, then the
area must be extended, and all additional wells within the new area must be remediated.
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Session 4: Wellbore Remediation, Leakage and Alternative
Practices, Chair: TheresaWatson & Mike Celia

4.1 CO;lInjection Well Conversion and Repair, Mark Woitt, RPS Ener gy

This presentation described new well conversion approaches to creating CO- injection wells by
enhancing wellbore integrity. Cements are not included in this as they have been covered in
previous presentations, and discussion sessions and are implicitly understood. The design or set-
up of the conversion process can play a major role in maintaining wellbore integrity, and the
same criteria can be used for repair as and when risk assessments deem it necessary. Cements
ability to resist CO, attack is secondary to the ability to obtain a good initial bond with the
casing; if annuli exist then leakage pathways exist for migration and prolonged cement attack.

Question: Looking at the 78 Alberta wells, and the statistical difference in the converted
wells to those built for purpose; if the best practice on conversion is so good, why
is there a noticeable difference in performance in built for purpose wells?

Answer: Money — conversions are not the best practice.
Question: Do these conversions work best vertically or horizontally?
Answer: Better performance in achieved in vertical wells, but depending on the severity of

the dog-leg, it may not be possible to rotate cement injection apparatus in the
horizontal section. Experience suggests that the horizontal cementing section is
not as crucial to the wellbore integrity.

42 Use of Alternative Cement Formulations in the Oilfield, Don Getzlaf,
Cemblend

The presentation described a brief history of cement variations used in order to discover the
formulation with the highest resistance that can be used in wellbores, without entailing excessive
costs. The origin of the work is based on early development of phosphate-based cements by
Argonne National Laboratory, in their work on storage of nuclear waste.

Some cement experiments used 2 parts oil to 1 part cement and the resultant cement does set,
and this has been used to experiment further with the disposal of drilling fluids, which is an
issue, so creating the cement with the drilling fluids can kill two birds with one stone. The bond
testing of these cements gave good results, with 3-5 times better bonding than with ordinary
Portland cement blends.

Question: What is the price difference?

Answer: The remedial market is more expensive, but in the primary market, they are very
competitive.

Question: Is the mixing process similar to conventional Portland cements?

Answer: Slight differences, but reusable materials mean that batch mixing up front is a
good idea, and can have knock on benefits.

Question: What is the viscosity like?
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Answer: It starts thick, thins through pumping, but then thickens up again if it is kept
moving. There seems to be a large interest from industrial practitioners as
something they would be interested in utilising.

Question: Avre there any comments on the acoustic properties for bonds?

Answer: An ultrasonic cement analyser is usually used, but this doesn’t work in this
situation as there is no Portland present. The water ratio is sometimes down
around 25% so it should provide very good bond logs, however these haven’t
been completed yet.

4.3 Micro-seismic Studies Revealing Leakage Pathways, Marco Bohnhoff,
Stanford University

This presentation reported on the detection of CO, leakage along a wellbore using remote
seismic methods. The techniques used demonstrate that both P and S waves have shown very
good performance in locating and identifying leakage pathways. The results have been repeated
for the purposes of verification.

Question: Can the data be used to estimate flow rate?

Answer: At this stage, this has not been considered. This cannot currently be done, but
possibly will be investigated in the future.

Question: Cause and effect correlation related to leaks from EOR formations suggest that

shutting the injection wells shouldn’t have the immediate effect shown. Is there
any other explanation?

Answer: The signal is instant, so there is a fair certainty that it is not the injected CO,. The
pressure signal generated through injection allows upwards migration of
previously injected CO;, so when injection was shut off, this pressure wave
vanishes resulting in the immediate detection of seismic changes.

Comment: Having worked with the same company, 18 months ago a well was drilled on
fracture patterns, and seismic data interpreted 1 year before showed enhanced
porosity along similar lines as is shown here. Also there was no evidence of CO,
in well array so how can this be classed a leak? The tool is not used for
determining leakage, rather for identifying the flow pattern. Millions of wells are
in existence, and this could lead to the production of a regulation that would
seriously hinder operations. Caution is advised before this conclusion is openly
put forward.

44 Long Term Sealing of GHG Sequestration Wells, Homer Spencer, Seal Well
Inc.

This presentation, titled ‘A Convenient Truth’ describes a new methodology for sealing wells for
long periods of time using an alloy material.

Field tests have been carried out on fusible alloys injected into wells in order to seal against
certain types of leaks. The alloy is a Bismuth / tin alloy. There are 4 materials in nature which
expand when transforming from a liquid to a solid state and Bismuth is one of these materials.
This property means that when a solid mass is lowered into a well and heated to 137°C, the
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material becomes liquid and infiltrates all perforations before returning to solid state and
increasing in volume to completely seal the well.

The durability is also very good, with negligible corrosion even in solutions with a pH of 3
suggesting that this alloy will resist corrosion for upwards of 10,000 years. The seal achieved
against clean steel is in fact up to 5 times stronger than seals generated with Portland based
cements, and it can also be squeezed to the extent where it can be forced into permeable
formations to perfect a seal.

Question: What is the associated cost of this outfit compared to conventional
methodologies?

Answer: It is similar in costs to the sealing of existing wells, other than the milling of the
casing. Less than $10,000 per well could be a guide figure without the milling.

Question: The plug has good seal, but when the alloy expands adjacent to the rock face,
does it crack the rock face, therefore creating a pathway up the interface?

Answer: No, this has not been detected, but further experiments would be wise. It’s not

expected due to the nature of the reactions.

45 Experimental Assessment of Brine and / or CO, Leakage through Well
Cements at Reservoir Conditions, Brant Bennion, Hycal

Core-flood experiments were presented on CO; and brine flow through synthetic wellbore
systems with manufactured micro-annuli and cracks. The experimental conditions used for the
described process were among the worse conditions likely to be encountered in order to give
results as realistic as possible. Many experiments are performing in ‘best case scenario’
conditions, but this is not necessarily realistic.

Question: Have you compared or calculated the flow in micro-annulus?

Answer: The flow calculations were based on classic Darcy flow, assuming that the cross
sectional area was used in the equation. Just using the micro-annulus area itself
gives a different range of much higher values.

Question: What pressure was the pH measured at?

Answer: 20 MPa at normal conditions.

Question: What was the confining pressure?

Answer: The internal pressure was 14 MPa, with 24 MPa external pressure to ensure there
was no slipping

Question: Did you look at the chances of annular cracks from temperature variations?

Answer: Not in these experiments, all conditions were isothermal, but in the field, this
would be an issue. The idea was to take out external factors in order to get a good
picture.

Question: Did you see any indications of opening / closing of cracks?

Answer: No, experiments ran for short time periods, so these weren’t identified. This may

be looked at in future if funding is available.
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46 Impact of CO, on Class G Cement, Static and Dynamic Long Term Tests,
Francois Rodot, Total

The aim of this experiment was to make sure it was understood whether old and new wells
encounter problems or not, as this will be necessary for commercial CCS operations. CO, was
never detected outside of the plug, so the plugging was deemed to have been effective.

Question: How much uncertainty was there in the mechanical statements, as it was odd not
to see deformations due to stresses?

Answer: There was deformation, but the results presented here are limited and brief.

Question: Mechanical properties are shown as averaged, but any changes would be

extremely local, so average values may not show them. It is therefore possible
that these figures should be viewed as un-reliable.

Answer: It wasn’t understood at the time, exactly what was occurring. With small
perturbations of the cement, it is logical that it may be overlooked, and some
results did not show variations with other injected species.

Question: Many experiments have covered this, and there seems to be interesting aspects in
the results showing the carbonation apparently stopping after a week. What is the
mechanism for the blocking of carbonation? How can this be explained against
other experiments showing different results?

Answer: Very acidic conditions can give rise to different results, but using pure CO,, you
see what happened here. This was done at a specific pressure and temperature, so
it is possible that this could account for the variations from other results

Question: Was the CO, refreshed and how much volume of sample was used to each
volume of water?
Answer: The CO, was changed every time a sample was taken.

4.7 Facilitated Discussion, Session 4

The discussion commenced with the session chairs expressing the opinion that it was a good sign
that there was an increased focus on remediation techniques, and it is also good to see potential
solutions being presented on restoring caprock functionality. A query was directed to the
representatives from RPS Energy regarding the solutions presented for situations with no annular
integrity; was it purely a conceptual idea or has it been applied in the field? RPS Energy
representative confirmed that is was not purely a conceptual idea, but one that has been applied
in the field at numerous applications. There are no specific CO,-EOR applications that they are
aware of, but the solutions have been used for zonal isolation for other instances. It has been in
deployed in EOR applications, but not CO,-EOR.

Another question was directed to the Hycal representative, asking whether any corrosion was
seen with the calcium chloride mentioned in the presentation. It was confirmed that there was
some evidence of corrosion on the injection face of the bar, but once the samples were sectioned,
no specific evidence of corrosion in the annulus was present. It was a de-oxygenated system
which also tends to minimise the corrosion. Other experiments have taken place which
specifically looked at the extent of corrosion.
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A challenging question addressed to those who specialise in micro-seismic technologies
regarding the overall hydraulics of the system was proposed: why do you get such a rapid
response in terms of pressure propagation? No answers were forthcoming on this, but it is
possible that no feasible answer can be determined. A related question was asked regarding the
origin of the signal being detected, there is a suggestion that something is happening along the
wellbore. Was the communication completed within the EOR layers of the formation, and is it
possible that the signal noise detected originated from the phase transition of the CO,?
Responses suggested that it was unlikely that a gradual change in density of the CO, phase could
produce such an acoustic signal, and regarding the hydraulic communications, unfortunately
constraints regarding proprietary data limit the detail that can be given at this stage, but it can be
stated that the monitoring wells saw no CO, despite perforations. It is possible that the
perforations were not at the CO, level, so discussions and investigations are ongoing.

Discussion remained on this subject with questions about the source of the signal. The
experimental procedure did not consider this, but post experiment analysis suggested a shear slip
event (induced seismicity), isotropic processes, or a single force source. The data exclude the
first 2 options, indicating the single force source as the likely option. The exact manner in which
this occurs has not been determined, but further experiments are being planned. It is possible that
it is the same process as that which occurs below volcanoes, but this can’t be checked. The
increase in volume triggers an increase in the fluid filling the crack, and such signals have been
modelled by certain groups, where synthetic seismograms are relatively similar to those obtained
from the field.

Models were used to simulate the effects of cessation of injection on the propagation of pressure,
and some results show it can be quick within a few metres of the wellbore, whereas at a distance
of 100 metres, it may take several days for the pressure to drop. At still larger radii, pressure can
continue to rise before a drop is seen as the fluid continues to move after injection ceases.

The discussion then moved to the subject of initial reservoir pressures, prior to hydrocarbon
extraction. In Santa Barbara, California, historical data show that natural seeps are extensive.
There are suggestions of further off-coast drilling to extract these remaining reserves to avoid
them being released as they now are. From this, we can determine that reduced reservoir
pressures have still not prevented seeps, so re-injecting into these reservoirs could make issues
associated with wellbore integrity a moot point. Also, remediation of wellbores that are found to
leak is much easier that remediating natural occurrences.

Information presented on new or novel materials are promising, and it appear that that some of
the new materials could work very well if operators can get them into the wells. If these new
materials and remediation strategies are as effective as they suggest, the need for this network
could be greatly reduced, however this is unlikely as new technologies generally take much
longer to prove themselves.

Questions still exist over the durability of these options. The short term assessment appears to
demonstrate effective plugging, but in a storage scenario we need to be sure of effective
plugging over geological time periods. Can we extrapolate from 4 years of results to centuries of
adequate performance or are more extensive tests required? How can claims of 10,000 years of
storage security be substantiated? These questions are difficult to answer, and it is likely that
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more research is needed in order to substantiate such claims. Issues associated with pure
corrosion can be measured and validated by corrosion testing with the correct instrumentation
and these extrapolations can be accepted as realistic due to the environment in which the testing
occurs. In pure mechanical terms, the Bismuth plugs have advantages over conventional plugs,
even in areas subject to tectonic movements, as it is not brittle, so it is less liable to stresses than
cement plugging materials.

There are materials in nature that have existed for 10,000 years, and could therefore be looked on
as analogous. The inverse of this argument is that although apparently ‘perfect’ plugs and seals
may exist, other reports of equal technical standing show Portland based cements as performing
equally well, providing installation is carried out in accordance with best practice.

Discussions also brought up the view that going and fixing leaks when they occur is not a
problem. But greater understanding of why some systems leak more than others requires further
research. With a better understanding, operators can design better systems, and this will in turn
reduce the number of leaks, thereby arriving at an acceptable system for operators, regulators
and the public alike.

So what is the best way to improve understanding?

e Laboratory experiments,
e Models, and
e Observations.

Of the first two options we have a reasonable knowledge of already, but observations are
distinctly lacking. There are some, but not enough. With more observations, it could be
determined whether abandonment failings are more common than cement failings. This is
probably not the case, but without more extensive observation data, this cannot be determined.

Despite having numerous remediation methodologies, which can be used at various stages of the
project life, and having numerous techniques for abandonment, there is still the possible for
corrosion of the casing material, which would subsequently jeopardise the abandonment
technique used inside the well. Research and development is needed to work on best practices
for the whole system, where we don’t rely on casing or some other metal component to be there
in the long term.

At this point, it was suggested that in general, the application of plugs is not great. Plugging at
the level of the caprock leaves up to 100’s of metres of open casing. A preferable practice would
be to cement all the way to the surface, but this is not economically feasible. It is recognised as
effective, but at the same time, too expensive. A balance between the two extremes is probably
necessary, whereby cementing is continued further than the caprock, in order to avoid the
possibility of CO, migrating in stages, through overlying strata and wells, so a balance of costs
versus safety must be determined.

Another related issue is the verification of plugs placed in the past. The challenge is to identify
very slow rates of leakage and the placement of plugs could help to identify the conditions below
the plug, and then operators could work out how to identify slow leaks at this instance. Detection
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of slow leaks is a challenge, but will likely prove to be very important; when a well is re-entered,
that is when data should be collected. If a plug has been leaking when it is drilled through,
measurements will give a good idea of conditions, and maybe even the origin of the leak. These
types of measurements could be used to create a data set to determine how long it takes to leak
through different types of plug.

Session 5: M odelling of Wellbor e Processes, Chair: Neil Wildgust

5.1 Simulating Leakage through Well Cement: Coupled Reactive Flow in a
Micro-annulus, Bruno Huet, Schlumber ger

This was an in-depth presentation regarding the experimental set up of leakage simulations
through a micro-annulus. The model involved incorporated aspects such as cement reactivity,
fluid flow and chemical reactions in the micro-annulus and also mechanics of the wellbore
system. Several scenarios were used, addressing cement exposed to wet CO; or brine ina 1D
radial symmetry (demonstrating the validity of carbonation model), CO, flow within the micro-
annulus and the flow of supersaturated brine within the micro-annulus.

Question: If the micro-annulus is opening due to elasticity, what is the initial stress state? Is
the initial state zero so nothing needs to be overcome?

Answer: Correct, the model takes into account the initial stress state in the reservoir. For
the different scenarios presented there is no initial stress.

Question: What is the material in the micro-annulus prior to the flow?

Answer: The timescales involved in the micro-annulus opening are short, so the fluid

quickly enters as it causes the micro-annulus formation. This is a mechanism of
hydraulic fracturing.

Question: There is a benefit in being able to predict the flow; could you optimise the well
design with this information?

Answer: The input parameters could be adjusted to do just that, and this is why the model
was developed.

Question: What value is given for bond strength?

Answer: The experiment assumes that the casing / cement interface it initially de-bonded,

S0 you are pressurising an interface with no bond. The effective bond strength is
therefore zero.

5.2 Modelling of Wellbore Cement Alteration as a Consequence of CO, I njection
in Exploited Gas Reservoirs, Claudio Geloni, Saipem

This presentation described modelling specific to wellbore cement alteration in gas reservoirs.

This is the second more method-specific talk, with a description of wellbore integrity in ECBM
in session 3.
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Session 6: Quo Vadis. Future Direction of the Network,
Chair: Bill Carey

The aim of this session was to ensure that the network is still relevant, and is contributing to the
problems that need to be addressed in the CCS arena. The group is important, and with a 5 year
history, the steering committee feels that the time could be ripe for the formulation of a status
report on wellbore integrity. The report would likely be a large, combined effort, with a synthesis
paper submitted to the IJGGC.

A thorough review of the work, achievements and knowledge gaps will make sure the network
covers topics that are relevant, and keeps the network vital. We understand much more about
wellbore integrity issues now, but coupled with that is a new group of areas that are ‘known
unknowns’, i.e. things we don’t know, but that we are aware that we don’t know — there are
identified knowledge gaps and we need to work towards broaching these gaps.

There has been a shift away from numerical modelling, and towards modelling of specific
actions and elements within wellbores and far-field wellbore environments. Monitoring is an
area where we could look to increase our content, and this runs nicely with the increased focus
this year on remediation measures and practices.

The participants then split into 3 groups to discuss:

e What should the report try to accomplish?
e Develop an outline of the main elements of the report,
e ldentify key themes or issues to address,

The breakout group notes can be found in Appendix 3, but key points and summaries of the
discussions are as follows.

e Corrosion engineers are most worried about CO; interactions with wellbore materials,

e Interactions of CO, with old cement will always be a problem if the cement was not
designed with CCS in mind.

e The interaction with the steel is less likely to cause issues.

e Queries over the description and definitions of blow-outs — it would be best not to link
the term blow-outs with drilling as they occur more frequently in interventions.

e Although outside of the scope of this network, more work and research is needed on
blow-outs.

e More clarification needed in defining wells for CCS and other purpose wells.

The report should attempt to provide information to all parties, ensuring that all parties from
field operators, laboratory researchers, regulators and public bodies are fully aware of the extent
of knowledge and confidence that can be felt in assessments of wellbore integrity. An integral
part of this education would the a series of definitions; the presentations given during this
workshop showed various definitions of well failures, blow-outs and leakage for example, and
use of the wrong definition in the wrong circumstance could cause significant problems for
regulation and operation of sites.
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Once the report has compiled a unified research position, regulatory input will be required, and
the information that can be provided from industry, research and academia should be an
important part of this. Although we hold workshops addressing issues, and identifying
knowledge gaps, the obverse to this is that there is a great deal that is known and understood.

Clarification must be made that new wells that are drilled for purpose are much less likely to
cause problems, and although the old wells could cause problems, there are many remediation
measures available and experience gained from the oil and gas industry to mitigate any issues as
and when they occur.

In conclusion, after the group notes were compiled, the following topics were highlighted for
headings in the report:

e Definitions. This should include definitions of leaks, the types of wells likely to be
encountered, and the different scales applicable to the area of influence.

e Abilities. This should demonstrate the extensive monitoring toolbox available, the ability
to remediate and mitigate if problems arise, and that the industry has the ability to
conduct operations now.

e Approaches. Different approaches have been developed depending on what type of target
reservoir is being considered, and the differences between reservoirs is understood.

e Knowledge. Advances in knowledge and results gathered has lead to a good
understanding of the processes involved, and the extent of the impacts and effects of CO,
injection. The historical database inherited from the oil and gas industry is a valuable
tool, and many reservoirs have been well characterised already

Session 7: Summary, Discussion and Close, Chair: Nell Wildgust

In his capacity as network chair, Bill Carey closed the meeting, briefly explaining the benefits of
gaining new insights and perspectives from new participants. The different views expressed are
necessary in order to have the ability to address the concerns of all parties. We are starting to see
collaboration of results from field and laboratory work (specifically the work presented by
Barbara Kutchko) which has always been an issue in previous years, so it is clear that progress is
being made, and the formation of a synthesis report will further cement this progress. New topics
have been covered, looking at remediation, complex modelling and novel detection methods
using micro-seismic methods, as well as novel approaches to abandonment and plugging
procedures.

The level of interest in the meeting suggests that it is not the right time to bring the network to a

close, and indeed it may be that a change of direction or scope is more relevant, but this is a topic
that will be debated outside of the meeting, possibly as a result of the proposed synthesis report.
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Appendix 1. Meeting Agenda

08.30 to 08.50 'Welcome/ Orientation/ Context

08.50 to 09.15 Well Blowout Rates and Consequences in California Oil and Gas
District 4 from 1991 to 2005: Preston Jordan; Lawrence Berkeley
National Lab

09.15 to 09.40 CO; Storage--Managing the Risks of Wellbore Leakage over Long
Timescales: Olivier Poupard; Oxand

09.40 to 10.05 Qualitative and Semi-quanlitative Risk Assessment Methods to

Evaluate Potential CO, Leakage Pathways Through Wells: Claudia
Vivalda, Schlumberger

10.05 to 10.20 Break

10.20 to 10.45 Regulatory Practices in Alberta: Tristan Goodman; ECRB
10.451t0 11.20 Well Abandonment Practices Study: Tjirk Benedictus; TNO
11.20 to 12.15 Facilitated Discussion

12.15 to 13.30 Lunch

13.40 to 14.05 SACROC a Natural CO; Sequestration Analogue in Wellbore
Cement Integrity Assessment: Barbara Kutchko; NETL

14.05 to 14.30 CO, Capture Project Results from Buracica, Brazil: Walter Crow; BP

14.30 to 14.55 Salt Creek EOR Experience: Ken Hendricks; Anadarko

14.55 to 15.20 Break

15.20 to 15.45 Results of Well Bore Integrity Survey at Weyburn, Canada: Rick
Chalaturnyk; U. of Alberta

15.45t0 16.10 Measuring and Understanding CO; leaks in Injection Wells:
Experience from MovECBM: Matteo Loizzo; Schlumberger

16.10 to 16.35 Effective Zonal Islolation for CO, Sequestration: Ron Sweatman,
Haliburton

16.35 t0 17.30 Facilitated Discussion

18.00 to 19.00 Poster Session

Close Day 1

19.00 to 21.00 Dinner sponsored by Schlumberger




08.30 to 08.55 CO, Injection Well Conversion and Repair: Mark Woitt; RPS Energy

08.55t0 09.20 Use of Alternative Cement Formulations in the Qilfield: Don
Getzlaf;, Cemblend

09.20 to 09.45 Microseismic Studies Revealing Lleakage Pathways: Marco
Bohnhoff; Stanford University

09.45t0 10.10 Long Term Sealing of GHG Sequestration Wells: Homer Spencer;
Seal Well Inc.

10.10 to 10.35 Break

10.35t0 11.00 Experimental Assessment of Brine and/or CO, Leakage through Well
Cements at Reservoir Conditions: Brant Bennion; Hycal

11.00 to 11.25 Impact of CO, on Class G Cement, Static and Dynamic Long Term
Tests: Francois Rodot and André Garnier, Total
11.25 to 12.15 Facilitated Discussion

12.15 to 13.30 Lunch

13.30 to 13.55 Simulating Leakage through Well Cement: Coupled Reactive Flow
in a Micro-annulus: Bruno Huet, Schlumberger
13.55 to 14.20 Modelling of Well Bore Cement Alteration as a Consequence of CO,

linjection in Exploited Gas Reservoirs: Claudio Geloni, Saipem

14.20 to 14.40 Status Report Issued by the Well Bore Integrity Network: Elements
and Outline

14.40 to 15.40 Breakout Groups for Report

15.50 to 16.00 Break

116.00 to 16.30 Reports from Breakout Groups

16.30 to 17.30 Open Discussion on Ideasfor Future of the Network

Sesdon 7: Summary, Discussonand Close

17.30 to 17.45 M eeting Organisers

Close Day 2
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Appendix 2: Delegates List

Toby Aiken, IEA GHG

Robert Mitchell, Schlumberger Carbon Services

Onajomo Akemu Schlumberger Carbon Services

Francisco Moreno, Alberta Geological Survey

John Arbeau, Weatherford Canada

Alexander Nagelhout, IF-WEP

Stefan Bachu, Alberta Research Council

Doug Nimchuk, Apache Canada Ltd

Barbara Kutchko, US DOE - NETL

Olivier Poupard, OXAND SA

Tjirk Benedictus, TNO | Geo-energy

Michael Parker, ExxonMobil Production Company

Glen Benge, ExxonMobil

Lutz Peters, RWE Dea AG

Brant Bennion, Hycal Energy Research Labs

Scott Rennie, ConocoPhillips

Marco Bohnhoff, Stanford University

Bill Reynen, Geological Survey of Canada (Calgary)

Axel-Pierre Bois, CurisTec

Richard Rhudy, EPRI

David J. Brewster, ConocoPhillips

Francois Rodot, Total E&P

Lorraine Brown, Poyry Energy (Calgary)

Andreas Ruch, Halliburton

Jesse Bruni, T.L. Watson & Associates

Ryan Doull, Doull Site Assessments Ltd.

Lyle Burke, RPS Energy Canada

George Scherer, Princeton University

Bill Carey, Los Alamos National Lab

Ole Kristian Sollie, DNV

Michael Celia, Princeton University

Tom Spenceley, Corr Science Inc.

Rick Chalaturnyk, University of Alberta

Homer Spencer, Seal Well Inc.

Simon Contraires, Schlumberger Carbon Services

Marty Stromquist, Cemblend Systems Inc.

Walter Crow, BP Alternative Energy

Ronald Sweatman, Halliburton

Jean Desroches, Schlumberger

Andrew Graham, EnCana Qil and Gas Partnership

Kerry Doull, Doull Site Assessments Ltd.

Kristine Haug, Alberta Geological Survey

Andrew Duguid, Schlumberger Carbon Services

Kevin Heal, Golder Associates

Robert Eden, Rawwater Engineering Company Ltd

Ken Hendricks, Anadarko

John Faltinson, Alberta Research Council

Mark Hobbs, Apache Canada Ltd

Grant Ferguson, Baker Hughes

Dave Johnson, Cemblend Systems Inc

Roelien Fisher Shell Int. Exploration and Production

Jos Jonkers, Weatherford Canada

Emmanuel Giry, Oxand Canada Inc.

Preston Jordan, LBNL

Claudio Geloni, Saipem SpA

Miss Khalfallah, Schlumberger

Don Getzlaf, Cemblend Systems

Tristan Goodman, Alberta ERCB

Trach Tran-Viet, LBEG State Authority for Mining
Energy and Geology

Jonathan Koplos, The Cadmus Group, Inc.

Robert Trautz, EPRI

Thomas La Rovere, Seal Well Inc.

Roy Van der Sluis, Baker Hughes

Robert Lavoie, University of Calgary

Claudia Vivalda, Schlumberger

Thomas Le Guenan, BRGM

Murray Wallin, Apache Canada Ltd.

Brice Lecampion, Schlumberger Carbon Services

Theresa Watson, T.L. Watson & Associates Inc.

Eric Lecollier, IFP

Klaus Udo Weyer, WDA Consultants Inc

Matteo Loizzo, Schlumberger Carbon Services

Neil Wildgust, IEA GHG

Richard Luhning, Enbridge Inc

Mark Woitt, RPS Energy

Andrew McGoey-Smith, Golder Associates Ltd

Min Zhang, Alberta Research Council

Patrick McLellan, Weatherford Adv. Geotechnology

Michael de Vos, Dutch State Supervision of Mines
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Appendix 3: Breakout Group Notes

Breakout Group 1

What should the report try to accomplish?
Attempt to educate:
All categories need educating to some degree — regulators, field, lab need to know
what each is doing. Need to get all research sides together before going to educate
regulators. Need to overcome different approaches, and unify views of operators and
service providers in field work area.
Need to make benefits clear to all parties
Create definitions:
What is a leak?
What is best practice?
What should the report try to accomplish?
Obtain policy direction from regulators, - classify leaks,
Demonstrate that we have knowledge, and we also have known unknowns — we know
what we need to work on and learn.
Ilustrate different issues to overcome with new wells and existing wells,
Specific Task 1: develop an outline main elements of the report,
Define what qualifies as a leak?
Define well types:
» Existing wells,
* New wells, CCS compliant,
* New wells, non-compliant due to location, lithography etc.
Define area’s of influence, scales and regulations encompassing area’s of influence,
* Quantity of CO, storage necessary means that all wells may be inside area of
influence of a storage operation,
Monitoring
» Separate approaches for different target formations — oil, gas, aquifers,
Specific Task 2: identify key themes or issues to address
* What should report communicate? i.e. What are the resolved issues?
» Level of understanding, both known’s and unknown’s
* Cement degradation is not likely to be an issue in abandoned wells,
» Wells can be built to resist most corrosion, as long as conditions are stipulated in
advance,
* We have the ability to gather baseline conditions,
* What are the unresolved issues?
* Impact of CO; plume encountering H,S zone, and impact of lowering of pH on
well materials of existing wells,
» Future proofing of new wells, defining the area of influence to determine which
wells need future proofing,
* Inability to obtain data on gas leaks from operators — proprietary information,
* We know we can fix leaks, but why do they occur?
* Need more monitoring tools and abilities,
» Better communication between interested parties,
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» Quantification of leakage, small leaks need active effort to find them,
e What can we measure — leads to what can’t we measure,
* Need methods to validate models,

Breakout Group 2

What should the report accomplish?
» Useful to have a ‘state of the art’ review of what’s out there and what’s being done
» Should be generalised
» Clarify the *question’ — FOCUS on old wells
* What constitutes leakage? Movement outside the container
» Technically focussed
* Provide information for technical, non-technical and outreach
Main Messages
» Three classes of wells — pre-existing, new and injection wells
» Distinction between artificial and natural systems — pathways of concern
» Initial condition of wells is critical, characterisation key
» Early concerns that CO, would degrade all borehole materials has been dispelled
* We have technologies that can remediate leaky wells i.e. Stop the leak
* We have technology to ensure secure abandonment of wells to hold CO;
» Leakage remediation of wells may be dictated by economic and regulatory issues
» We have technology for assessing leakage in existing wells (non-abandoned)
Unresolved issues?
» Better methods for assessing condition of pre-existing wells
» Better record keeping
» Statistical analyses of well condition and performance
» Effects of impurities in CO, stream on wellbore materials and integrity
» Expanded studies on flaw evolution and small scale leakage pathways
* Need more samples off wellbore materials that have been exposed to CO, — vital for
calibration of models
» Compare and contrast statistical studies

Breakout Group 3

What should the report try to accomplish?
» Potential audiences
Power industry
Oil and gas industry
Greenhouse Gas
Public
* Two target groups
Greenhouse gas: Int. J. of Greenhouse Gas Control
Oil and Gas: SPE journal
* Results can also be disseminated to industry association meetings
International Regulators Forum
What should the report communicate?
* We have a research strategy that will get us to an ability to assess risk
* Arreview of the character and relevance of historical database
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This has to be combined with performance assessment modeling to address what
is different about CO, storage (volume, pressure)
Communicate improvement in processes
Emphasize the difference between “no leakage” and wellbore integrity
The industry has the ability to conduct operations now
Figure showing frequency of leak as function of size of leak
Ability to detect and mitigate leakage
Managing blow-outs and small leakage
Detection => monitoring
Current knowledge of material durability
Analogy of “blow-outs” has limitations as we aren’t drilling into an unforeseen high-
pressure and due to gradual increase pressure
Define the boundaries of the system (not capture, transport, etc.)
Failures do not imply significant environmental or health and safety problems
Unknowns: Long-term degradation or sealing of defects
Does risk increase with time?
Unknowns: Detection limits of leakage
Unknowns: Lost, abandoned wells
What do we recommend for evaluation of “old”, abandoned well with limited
records?
Missing: Validation of models
Unknowns: Leak rates of various classes of wells
Unknowns: Frequencies of leak rates
Not just a list of monitoring technologies but annotated as to limits and applications
API is engaged in a parallel task—relationship to present efforts
Are we going to recommend abandonment practices (e.g., length of plug)
Biggest risk: low top of cement
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Wellbore Integrity Network, 2009

* Network History:

15t Meeting: Houston, USA, 2005

2"d Meeting: Princeton, NJ, USA, 2006

3'd Meeting: LANL, Santa Fe, NM, USA 2007
4" Meeting: Schlumberger, Paris, France, 2008

5th Meeting: ARC and TL Watson & Associates, Calgary,
Canada, 20009.

Next Meeting

DPPP7777

Any offers?

www.ieagreen.org.uk
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Wellbore Integrity Network, 2009

* Network Aims:

« Determine impacts of CO, interactions with wellbore materials,

* Bring together experts to discuss results and data,

« Determine current level of understanding of CO, / wellbore reactions,
» Collect and assess field and lab experiences,

* Provide recommendations for field monitoring and evaluation
methods,

» Evaluate remediation measures for wellbores,
* Provide platform for researchers to discuss findings.

www.ieagreen.org.uk



[EATGreenhouse Gas RGP Programme

Wellbore Integrity Network, 2009

« Joint Network Meeting:
¢ Held in New York, June 2008,
* Brought 3 existing storage networks together,
* Assessed cross-overs / gaps in topics,
* Develop integrated plan for cooperation,
* Provide feedback to each network from others,
* Any questions for RA or Monitoring Networks,

www.ieagreen.org.uk



[EATGreenhouse Gas RGP Programme

Wellbore Integ

rity Network, 2009

» 2009 so far:

« Held first Modelling workshop, as discussed at JNM,

» Agreed establishment of Modelling network, commencing Feb 2010,
* Risk Assessment meeting held in Australia, April 2009,

* Monitoring to be held in June in Japan.

www.ieagreen.org.uk



Well Blowouts Rates and
Consequences In California Oll
and Gas District 4 from 1991 to

2005

Preston Jordan

Earth Sciences Division
Lawrence Berkeley National Laboratory

(with acknowledgment to my co-investigator,
Sally Benson of Stanford University)
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Chronic Versus Acute Well Leakage

Chronic = Annular Flow?
Versus

Acute =~ Casing Flow?




California Oil and Gas District 4
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million m? (bbl)
493 (3,101)  District 4

654 (4,116)  California

United

5,421 (34,008) o "

5% 9% 12%

“
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5% of U.S. oil production is associated with the annual
injection of 3.5 billion m3 of steam (well head conditions) in
CA D4 from 1991 to 2005. This volume is equivalent to 2.5
billion metric tons of CO, at 700 kg/m3.



0 3 6 12 18 30 kilometers
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0 2 4 a 12 20 miles

Persons per km? (mi?) Steam Injection Wells
0-1(0-2) per km? (mi?)
1-4(3-10) w2 0-01(0-0.3)
4-15(11-40) Y 0.1-1(0.3-26)
16- 62 (41 - 160) W 1-9(26-23)
62-247 (161-640) D 9-81(23-210)
247 - 988 (641-2,560) D >81(210)

989 - 6,865 (2,561 - 17,785)




Steam Versus CO,

Steam (injection
wells)

Steam (shut-
in/abandoned
wells)

Cco,

Injection depth Shallower

Injection pressure Lower

Buoyancy Greater

Expansivity Greater

A to standard

. uenches
conditions Q

Thermomechanical
stress

More

More (compared
to dry CO,)

Corrosivity

Shallower
Lower
Greater
Greater

Quenches

More

Less (compared
to dry CO,)

Deeper

Higher
Less
Less

Vaporizes

Less

Varies based on
wet or dry
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Unique Duplicated
blowouts blowouts

Blowouts

DOGGR paper

records
DOGGR

database
DOGGR annual

reports
Bakersfield

Californian
Total

66 4 62

65 9 56

68 50

7 6
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Well Construction Blowout Risk
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Operating Well Blowout Rate — Fluid Basis
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Operating Well Blowout Consequences
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Blowout
during/from

Probability

Basis

Consequences

% impacting
public

% causing
worker injury

% impacting
environment

Duration

Min.

Median

Max.

Well construction/
abandonment in
thermal fields

1in 2,000

operations

none

10% (foot
burn)

20% (< 10 ha
impacted)

0
mintes

6 hours

urs

Steam injection
wells during
operation

1in 5,000

wells per
year

none

80% (primarily
earth displacement
- 1/3 t0 300 m°)

N
<5

minutes

hou

5 days

Steam flood
injection wells
during operation

1in 5,000

million m®
fluid

see ach \

Shut-in/idle and
plugged &
abandoned wells

1in 100,000

wells per
year

35% (displacement
of 900 m® of earth)

3 hours

5 howrs

BERKELEY LaB

T

Likely due in large part to low population
density around thermal fields. Thermal
producer blowout caused school
. evacuation and highway closure. Also,
::,.}I A steam-driven earth displacement did
n effect private property.

T

GCS blowouts almost
certainly much longer given
current techniques due to

larger volumes and non-

guenchable phase




GCS Blowout Implications

 Comparison of all CA D4 blowout rates for wells In
operation suggests injection pressure is a more important
determinant of blowout rates than fluid type. If so, GCS
field blowout rates will be somewhat higher than thermal
EOR field blowout rates.

e There were no impacts to the public and only minimal
worker injuries, but there is an element of happenstance
for the former.

e Most injection and abandoned well blowouts displaced
earth, some to such an extent that geotechnical
engineering was required to restore the land surface. This
consequence will likely be larger in CO, blowouts owin




Blowout Risk Analysis Next Step - Texas

e Data from Railroad Commission of Texas similarly to data
from CA DOGGR.

* Texas OIl and Gas Division Districts 08 and 08A have at
total of approximately 10,000 CO, injection wells for EOR.

 Districts 08 and 08A also have a total of approximately
50,000 water injection wells and 2,000 hydrogen sulfide
Injection wells, allowing in district comparison of blowout
risks associated with different fluid types.

 District 08 and O8A produce more than half of Texas’ oil but
have less than a quarter of the blowouts, indicating the
blowout rates in the rest of Texas are more than three

’imﬁf as great.




Texas Districts 08/08A Oil Production And Blowouts
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Texas Districts 08/08A Oil Production And Blowouts
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AGENDA

1. Context and objectives
2. P&R™ approach

3. A 2-flow coupled model
4. Simulations — case study

5. Conclusion - A tool as Decision
Making Support
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Risk Management Solutions

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009
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1. Context — well integrity, a key

challenge
Is CO2 likely to leak through wells?

Remote i Segueslhalion
16| CO2 Release Scenarios | e

How? What pathways?

’ ﬂccurril.llaﬁons WA(_; allows
“Wytch hole” ““____ﬁ.l'n mud Aquiter flow
% RPSYiero How much?
Dr;usnir N
3| 0 \ = . - - - -
aroo | LIS iy e Aauer ¥ When? During injection? In
aquifer outflow]  Apandaned induced Diffusion Y LhWﬂi:tShaIIDvaer
N S ey = 100 years? 1000 years?
M“R * for oil but
n) Y - not gas

What is an acceptable level of

NGCAS Project :Wikramaratna & Lawrence, ECL. Dec-2003 leak age ?

Focus on wellbore integrity What should be done to mitigate

> Poor quality or aging of existing critical risks on the long term?
wells (injection, monitoring)

» Surrounding abandoned wells

How am | going to demonstrate CO2 long term
confinement to authorities?

. A'I g r— g o
a ) Xanaoa
= Risk Management Solutions

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009



1. Context — wells density in North
America

Density of oil&gas wells in AB (Bachu & Watson)
»Over 360,000 wells at the end of 2006
»Over 115,000 abandoned wells
»Oldest well: 1893

»Prior to the 90es: highest risk of leakage due to poor
\ cementation/abandonment and corrosion /

SEEEETL

Number of Wells Drilled per ~10,000 km2
[1-100 [ 100-300 [N 300-1,000 [ 1,000-4,400 [N 4.400-23,400 [ 23,400 - 61,000 No Wells/Data

Sources: IPCC Special report 2005, ERCB, AGS, GFW ) g e o
IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009 B Biek Mariagement Solions 4



IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009

1. Objectives

Estimate the possible CO2 leakage through the wells,
thanks to advanced flow well simulations

Create a project-specific scale of severity levels
associated with CO2 leakage, through involvement of
stakeholders

» health & safety, technology, financial, public acceptance,
environmental, image ...

Combine probability of occurrence & severity levels to
assess risks and deliver an overall risk profile of the
well relative to CO2 leakage

Recommend action plans to address critical risks, and
lay the foundations of a tailored MVA protocol from
WI issue

. A'I g r— g o
a ) Xanaoa
= Risk Management Solutions

5



2. P&R™ approach

» A risk-based approach

Risk=based e A well-structured and objective process
e Functional analysis

e Scenarios identification & guantification
e Risk mapping

= Acceptance level

» Quantitative CO, flow model
along the wellbore
e Systemic approach
e Well, flow and ageing models
e Uncertainties
e Prognosis

» Leakage rates towards sensitive
zones

» No predefined migration pathways
along wellbore

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009 wxaﬁd

Risk Management Solutions
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2. A multi-well guantitative process

I |

=
Well data Well families
screening identification
Severities
/%S A f i 8i (116
’ ..:_L.I'.": i i

Frequencies

xand

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009 wRisk Management Solutions




2. A quantitative approach for
specific well

e ﬁ -
Welldata .\ Well families
screening identification
(-}
H

Stakes |[Safety/ Health|| Environmen t

1: Minor
2: Low

3: Serious
4: Major
5: Critical
6: Extreme

Severity levels

System
Well data analys|s
Collection &
Interpretation scenarios
construction

2. Design

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009 Q)Risk Management Solutions 8



(ﬁh) 3. A 2-flow coupled model

Cement degradation

Leaching / Carbonation Corrosion
pH, P, T Chlorides / pH
P, T/ CO,
Thermo-mechanical
effect .
Fluid flow model /
CemSTRESS™ (Schlumberger)
3D
2-phase flow (gas, liquid)
Dry out
IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009 Lﬁ&‘j Xar—id

Risk Management Solutions
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A 2-phase flow model

. ; : KK oy [ ”
2D aXISymetrIC We” qnw :_ﬂ[grad(pnw)"_pnwgk]
representation Hiw

2 phases flow — darcy law

* Relative permeabilities: Van U
Genuchten and Mualem’s model kr'nw(@)zﬂ/l_@.(l_@w )2“” Ll{ﬁj J ==

Dagraded coment

Capilary pressure [bar)
s 8

8,09
7,08
6,07
5.06]
4,05
3,04
2:03
1:02]

From Mainguy, 1999

Relative permeability
o o o o
o a @ ®

0
04 06 08 1
Water saturation (%) 4 -
.

At atimet

il F e, e g—
Risk Management Solutions 10
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4. Simulations — case study for
abandoned well (synthetic)

»» Static and dynamic model » Well integrity data interpretation
) o | ] | . 1
0 N
123 T ea| Initial design
" Cement plugs
250 g . piug
500 S il
EUU 3_ N Zones Quality
800 > B M e
850 . ” 7 Good
900 . Bad
1000 " —
1900 .
Dck
1998 . = A
2100 N
2300 Voir
1 connected aquifer (freshwater)
m

Hydrostatic pressure along the wellbore

»  Initial and limit conditions _ )
Top reservoir CO2 pressure in contact to the well: 400 bar

(cste over time period, conservative)
»)xand

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009 Risk Management Solutions 11



»  Simulation results (an example for a 1st scenario)

ton
200

180

160

140

120

100

80

0

CO, leakage in the freshwater aquifer

155 250
N 250
GO0
[ 850
1050 »
(G100 SE——
40 4o z100f ° L | :z
24003 .3 1 Legend for Water Saturaton [+]
I .
A . 0 TTmmmmmmmmmmmeTt i """"""""""""""""""""""""""""""" {n?:us}
(06,07
05,08
....l....I....l....I....l....I....l....I....l....l...l....I....l....l....l....l....l....l....l....l....|....I....|....I....| ...... |....I....l....l....l....I....l....l....l...!....l....l....l.... years {g:m
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 P

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009

<01

Even though there is good quality cementation in 7°’, CO2 flows up.

The CO2 migration paths are not predefine

Risk Management Solutions

12



»  Simulation results (an example for a 2"d scenario)

Legend for Water Saturation [-]:

2505 209
600 [0.8;0.9
850 [0.7,0.8]
10501 250 (0607
[0.5:0.6]
04,05
&00 03,04
; (02,03
2100 Eﬁﬂ (01,02
2400} <0.1
m 250 years 1 UED )00 years
2100
24004 it o
1000 years
m
Xano 13

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009
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(*) 4. Simulations — risk mapping

Risk mapping
at 1000 years

| ' ’I

ok

Frequencies

Severities

[ Risk sources:

* quality cementation of 5” annulus

* COrrosion process above the caprock
due to presence saline formation within
overburden (aggressive formation fluids)

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009 L;* ggmaanaggo.uﬁm 14



4. Simulations — recommendations &

update

a possible new abandonment design :
e Mill the 7 casing

e Put a cement plug in front of geological formation layer

50
150
250
500
798
825
998

1050
1998
2100

Frequencies

2300

Severities

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009

=)

250
550 ¥

850 F
1050 ¥

2100 ¥

2400 §

Well integrity
QRA
update

Legend for Water Saturaton [-]

Risk Management Solutions
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5- Conclusion - A tool as Decision
s Making Support

»» A structure and objective process

» A well model, update

» A predictive CO2 flow model along the wellbore

» Leakage rates towards freshwater aquifer
» No predefined migration pathways

»» A global rating of the risks related to well integrity in CO2
storage (vs. CO2 migration)

» A powerful support to the decision-making process

» Quantitative and objective elements to support to all major decisions:
site selection, well selection, go/no, mitigation and monitoring strategy,
design strategy, MMA procedure

IEAGHG Wellbore Integrity, Calgary, May 13-14, 2009 Q)gﬁﬁagegmum 16
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Qualitative and semi-quantitative risk
assessment methods to evaluate potential
CO, leakage pathways through wells

Claudia Vivalda - Schlumberge




Outline

mContext

mQualitative and Semi-quantitative Risk Assessment Methods
mMethodological Approach
mimplementing Procedure

mDiscussion



Context
NN —
mDuring Initial stages of project life-cycle, I.e. screening,
preliminary characterization:
mdata are often scarce;
mtime to make assessment is limited;
m“order of magnitude” of the results is often sufficient.

mQualitative and semi-quantitative methods can be used
for preliminary assessment of wells integrity



Well Integrity Qualitative and Semi-guantitative Risk Assessment
Methodological Approach

STEPS

1. Site Description

] ] . 2. Wells
Objective: use of experts’ judgment to Ty
assess the quality of the wells sealing characteristics
capacity and the potential for CO, 4. Leakage
leakage with impact on specified targets, pathways
e.g. geo-sphere, atmosphere, other > Leakage
pathways scoring
resources, ...
6. Experts
judgment
7. Results
summary



Well Integrity Qualitative and Semi-guantitative Risk Assessment

Steps description

—
1. Site description

m Site description including initial hypotheses for the study. Usually STEPS
carried out during characterization phases assuming the site be operated 7 gre pescripion™
according to pre-designed conditions 2 Wells Description

2. Wells description 3. Wells characteristics

m  General information on the well and its history including degradation [ dasifiction 1

effects due to aggressive formations * iﬁ?ﬁﬁm@’s
Wells grouping in families (optional) 5. Leakege pathways
Static model including a breakdown in zones according to geology, . EQ:t:::gm
completion components, and a first evaluation of cement quality aggregetion

7. Results summary

3. Well characteristics classification (optional)

m  Experts initially asked to evaluate the quality of zonal isolation for each
zone, on a well by well basis. Note: 3 to 5 levels to be used: (very poor),
poor, medium, high, (very high quality).

m  Output of this step - qualitative: an “indexed” description of the integrity of
the seal individually given by each expert per each well or well families



Well Integrity Qualitative and Semi-guantitative Risk Assessment
Steps description

4. Leakage pathways identification
—~ METHOD 1

m Experts asked to identify the
potential leakage pathways

STEPS

1. Stte Description
2. Wells Description
3. Wells characteristics

with respect to a type of impact, /da&.m
for example geo-sphere, SIS e )
\/
atmosphere, ... = ltege pways
m Leakage paths built by : > .
combining predefined degraded S ton

7. Results summary

features (failure modes) in each
well sub-zone

P1: Direct path to surface

P2: Secondary leak path via inner
cementation

P3: degradation of casing



Well Integrity Qualitative and Semi-guantitative Risk Assessment
Steps description

4. |eakage pathways identification - METHOD 2
m  Experts asked to fill in a risk register where hazardous events pertaining to a specific STEPS
well zone (degraded features) are recorded, ...
. . .. ) 1. Ste Destription
m Leakage paths built by selectin / combining hazardous events according to the
- 2. Wells Description
following:
= Single events: hazardous events that singly are at the origin of a potential CO, leakage fron| > Wi';:ﬁgﬁ'g'cs
the storage to the targets. Each of them represents a potential leakage path. /m
. . . . . 4. Leakage
m  Combined events: hazardous events with the potential to evolve into a leakage path if idemiﬁgimays >
combined with other events. S\—hW/
Nb | Hazard | Hazard Causes Consequences Likelihood | Severity Barriers | Control ' mipat s
Title description measures g
Local Site level Local Site 6. Experts judgment
evel aggregation
28 | Sealing | Increase P and T | Potential for | None Cc2 7. Results summary
failure cement cycle CO2 leakage
elem.3 | permeability
33 | Sealing | Flow path | Corrosion | Potential for | CO2 C3
failure between - erosion | CO2 leakage leakage to || Severity Containment
of tubing and atmosphere || (Local)
tubing annulus - - -
above Minor C1 No potential for hazardous event escalation. Hazardous event cannot
parker contribute to a leakage path.

Medium c2 Potential for hazardous event escalation if combined with other
events. Hazardous event can evolve into a leakage path if combined
with other events.

High C3 Potential for single hazardous event escalation. Hazardous event

corresponds to a leakage path. I




Well Integrity Qualitative and Semi-guantitative Risk Assessment

Steps description

©—
Leakage pathways scoring
The credible leakage pathways scored. They are representative of the well leakage risks. STEPS

Scoring made with respect to the likelihood of occurrence of the leakage pathway and the 1. Site Desgription
severity of the consequences.

Likelihood classed in categories. Two possibility:

2. Wells Description
3. Wells characteristics

m  Method 1: assessment of the likelihood of the leakage pathway dassification
m  Method 2: assessment of the likelihood of the hazardous events composing the leakage pathway | 4. Leakage pathways
and mathematical calculation of the overall likelihood identification

5. Leakage pathways

i i i scori
S everl ty C | asse d In Categ ories Likelihood | Qualitative | Quantitative Quantitative Severity CO2 Leakage \y
0 definition definition definition .
per type of impact. (satement) (probability Light ()| oo e oo edfsin o 6. Bxperts juogment
Improbable !‘"me . ... probably not atall; | <0.01% C02 Leakage detectable at measurable levels with specific awrml On
R i Sk matri Ces used to reCO rd (1) :;EFC)L(::aMe it never. Serious (2) technlqggs (popfms). nghlevldveln;e'(‘;e'.g. Ilgh!rpodlﬁcanon of
th e S CO red at hWa S Of al I th e Un“ke'y (2) Un“kelybitt ... fewer TI-?n fogome 0.01%to 0.1% co2 ITeakage detectable in moniluret_‘]_poims. Clear evid_epoe 7- ItS w
p y zgfurs ! ar;?nr:?ar ‘;e" s. Major (3) g;‘::mz‘g:;und water or vegézﬁon around (rz: leakage area).
1 impossible
wells with respect to a type of Possbe [t | sewentom |ainmm e e
B N, ossibility it | times among the 1000 @ injection should stop).
©3) p ty g
impact. The matrix is used to S wlls TR
h I | f h Likely (4) | Not .. Between 10t0 100 | 1to 10% CataS(g)OPhiC Lo Jve [Po [t@ [Pe
negligible times among the 1000
Screen t e We S rom t e mOSt possibility it similar wells. S
Ongd 0 occurs
Crltlcal (hlgh L and S) to the |eSS . Probable | The event ...inmost or nearly all | 10 to 100% L@
) can occur cases.

S(2)

M(@3)

c@

MC (5)




Well Integrity Qualitative and Semi-guantitative Risk Assessment

Steps description

o ———
6. Experts’ judgment aggregation

m Statistical methods used to aggregate the individual expert STEPS
judgments concerning each specific well (integrity zones and L and P L Selses e
of pathways). 2 Wells Description
m In case of large dispersion of judgments with respect to one or more | 3 wells cherateristics
wells, discussion during a group meeting to solve conflicts and dassification
reach a consented estimation. In the case of no consensus, reasons e o
recorded and actions taken. 5 Lokage petways
. : : o 6. Experts judgment
Steps implemented for the integration of the experts review: < w >
1. Well by well (or family), go through the pathways description given by each

. . . 7. Results summary
expert, group the equivalent pathways recording the expert name, and compile a

final list of all the credible pathways

2. Well by well (or family), and pathway by pathway, statistically aggregation of
L and S estimations. For the aggregation, fitting of the individual scoring related to
L and S on a distribution and calculation of the mean and the confidence interval.

3. Well by well (or family), pathway by pathway, mapping of the pathway position
on the risk matrix by using L and S mean values and their confidence intervals.



Well Integrity Qualitative and Semi-quantitative Risk Assessment

Steps description
© N —

7. Results summary STEPS
m Use of one criticality - Stebesaon
. f . t 2. Wells Destription
matrix per type of impac 2 Wels szt
m Record leakage dassification
pathways per well (family) I
on the criticality matrix 5, Leakage pathays
.. . sooring
m [nitial well ranking based T
on the number of aggyegetion
pathways in the most _TRestssummay_ [

critical areas of the matrix
m Rationale and discussion




Well Integrity Qualitative and Semi-guantitative Risk Assessment

Expert panel sessions

—

m6 to 8 experts selected for the assessment with expertise on well design, construction,
operation, cement and cementing, completion, CCS, geosciences.
mExample. Three experts’ sessions run.

Session 1 - Get together. Experts are gathered for 1 day meeting to:

m Be briefed about the site and the wells characteristics

m Be introduced to the methodological approach for qualitative assessment

m Make a ‘simulation” exercise in class to train on the process and clarify misunderstanding

Session 2 — Individual

m At “home” experts assess the wells and compile the results according to a predefined
format.

Session 3 — Second get together

m The final results of the assessment presented. Potential high dispersions among the
judgments on specific wells discussed with the experts, conflicts possibly solved and
consensus on a final estimation. Possible non-consensuses recorded and identification
of a few actions to deal with concerned wells.



Structure for Expert Elicitation

Project Phases

L Site screening

Pre-characterization

e Limited Information Available

LExperts: collate information;
Estimate key parameters & their uncertainty

Perform preliminary risk analysis

Elicit experts for likelihood &
severity
Individual interview

L Average judgments

Pr or Separate non-consensus

L Decide for further
characterization

L » Elicit experts for likelihood &

severity
Get together

Organize 1 (max 2) sessions
L Average judgments
Separate non-consensus

Decide for further
characterization

—>  Large Information Available

I" CONTINUE ...

Project phases

Site selection
Site screening
Characterization
Design

Injection

Long term
storage/surveillance



What for ...

mPreliminary assess the quality of the sealing potential of
existing wells

mCompare perceived integrity of set of wells

mDetermine the need for further characterization (e.g.
additional measurements, sampling, lab tests, etc.)

mDetermine mitigating measures and their
Implementation plan

mEtc.



Likelihood, Severity & Criticality Matrix
— T
Likelihood | Qualitative | Quantitative Quantitative Severity CO2 Leakage
initi initi initi
definition definition definition
il . No detectable CO2 leakage. No abnormal modification of
(Statement) (probablllty) nght (1) composition of underground water or vegetation.
Improbable Highly ... probably not at all; | <0.01% CO2 Leakage detectable at measurable levels with specific
improbable it never. . techniques (ppms). Light evidence (e.g. light modification of
(1) OC(F;UI’S Serious (2) composition of underground water or vegetation).
Un“kely (2) Un"kely it .. fewer than 1 time 0.01% t0 0.1% CO2 Leakage detectable in monitored points. Clear evidence
occurs but among the 1000 . but without consequences (e.g. modification of composition
not similar wells. MajOI’ (3) of underground water or vegetation around the leakage area).
impossible
. . ; Substantial CO2 Leakage. Require immediate action but
Possible Light ... Between 1 to 10 0,1to0 1% Catastrophic controllable (e.g. the area have to be evacuated. CO2
3) possibility it | times among the 1000 (4) injection should stop).
Occurs similar wells. Multi- Massive CO2 Leakage. Uncontrollable.

Likely (4) | Not ... Between 10 t0 100 | 1to 10% Catastrophic " 15 e
negligible times among the 1000 (5) L|'W | V@ PO | LA [P
possibility it similar wells.
occurs

Probable The event ...inmost or nearly all | 10 to 100% L@

(5) can occur cases.
S(2)
M(3)
C(4)
- o




The ERCB'’s Involvement and
Approach to Carbon Capture
and Storage

Tristan Goodman, Ph.D.
|

Advisor to the Chairman

May 13, 2009
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Presentation Overview

The term “Carbon Capture and
Storage” (CCS) and the ERCB

Current ERCB CCS Approach
Work with Government of Alberta
CCS Development Council
Alberta Economic Development

Authority

ERCB CO2 Sequestration Initiative
Recommended Next Steps
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" The Energy Resources
Conservation Board

 An independent provincial agency of the Alberta
| government
|  Primary regulator for the upstream oil and gas
business in Alberta
 Adjudication, regulation and information
| collection/dissemination

* Alberta Geological Survey

e Decisions are in the public interest based on
prevention of resource waste, public safety and the

natural environment
e around 1,000 staff —about 500 are technical

MERCB::z
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ERCB and CCS

e CCSisthe GOA accepted description
| of:

| 1. Enhanced oil recovery using CO2 (EOR),
| 2. Storage of CO2,
3. Permanent disposal of CO2 (i.e. sequestration).

« ERCB has regulations for EOR, storage
| and permanent disposal

e ERCB currently regulates CO2 disposal
| under its acid gas regulations

« ERCB has 20+ years of experience with
COZ2 injection in Alberta on a small
scale

Energy Resources
Conservation Board

dERCB
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' ERCB Regulatory Focus to
Date

l'/ * In Alberta focus has been on “depleted” oil and
- gas reservoirs and saline aquifers at depths of 1500

. to 3000 meters.
-« Containment of the CO2 in the subsurface once
Injected, has been the focus of regulations to date.

« Research and regulatory development has shifted
from examination of reservoir to wellbores.

 Also greater focus on emerging surface
Infrastructure.

MERCB::z
e Ba )T - "~ 4




Geological Storage Options for CO,

1 Depleted oil and gas reservoirs

2 Use of CO, in enhanced oll racovery

3 Deep unused saline water-saturated reservoir rocks
4 Deep unmineable coal seams

5 Use of CO, in enhanced coal bed methane recovery
6 Other suggested options (basalls, oil shales, cavities)

AR AT R T maoﬂorgas
wesereesesesesees  Injected CO,
SN Stored CO,




Tlmellne Dlagram for CO2 Reaction

Trapping contribution %

&ERCB

IN Subsurface

Structural &
stratigraphic
trapping

Residual CO,
trapping

sing Storage Security

L et

Solubility
trapping

10 100 1,000 10,000

. . oo " Source: Golder and
I :
Time since injection stops (years) . Associates, 2007




Current Approved Projects

11 approved EOR projects using CO2

e Main industry operators are:
— Penn West (Joffre field/Viking pool)
— Glencoe Resources (Chigwell field/Viking pool)

e High recovery factors when CO2 used in EOR

* 49 acid gas wells in the province
— 12 can be considered CO2 permanent disposal (i.e.

sequestration)

e Frtn Lh,,

ERCB i soas
a e
TR T, v R ‘35*“‘*‘ aa“?"&'” SRR BF ﬂ“""‘“‘" s

Hif et -.
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" Alberta’s Capacity

« Estimated EOR capacity available in Alberta to store
| 20 to 35 Mega tons per year of CO2
— Produce 2 to 3 billion barrels of incremental oil
* Estimated sequestration capacity Is not yet
determined but ball parks by experts is estimated to
be at 3 Giga tons of total capacity (Basal Cambrian is
- main focus).
« GOA has committed to 139 mega tons using CCS
technology by 2050 (likely to change in the future).

MERCB::z
e Ba )T - "~ 4



Coordinated Approach with other
Government bodies to Manage CCS

- 1. Other government agencies are involved in
| application, operational and closure stage of CCS

projects.

2. ERCB staff have met with other government staff

| to discuss technical issues around a
comprehensive framework (Energy, Environment,

SRD, etc) and a coordinated approach.

Energy Resources
Conservation Board

gerRCt




Carbon Capture and
Development Council

e Council has develop Alberta’s plan to move ahead
- with CCS in Alberta - Chaired by Jim Carter
~ «3sub groups (technical, legal/policy, economic)
e Interim-report was released in October, final report
shortly

. ERCB committed to providing a sequential overview
~ of the application process for a CCS application.

* Public concern around safety determined to be
significant issue in the future.

MERCB::z
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ERCB CO2 Sequestration Initiative

/ e Two Phases

| — Phase One = conducts high level analysis on
existing regulatory framework to determine:
» Gaps in existing regulations

|  ERCB jurisdiction and areas that are not clear
| » Areas where regulatory enhancements may be required

| « Sequentially document the ERCB application process for
a CO2 sequestration applicant

— Phase Two = Manage gaps, conduct
additional analysis if required and implement
regulatory enhancements

HERCB: .
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' CO2 Sequestration ERCB
Life Cycle

r'l
| 4 )\
|
|' * This involves the source of CO2 (not in ERCB Jurisdiction
' Capture of Co2
- J
| r K ~
| ineli * Rail and truck are also transport methods but are not
Pipelines
N ) regulated by the ERCB
( i I i \
| Injection * Involves well construction and completion
\_ J
I
' N
'. Sequestration (Disposal) » This deals with the reservoir and containment
' N\ y,
|
4 i N\
Post-operational and Closure , _ e ;
- * Deals with long-term financial liability, any potential
Monitoring - e .
. J  remediation and what type of monitoring at post closure is
needed.

MERCB::z



Phase One Conclusions

ERCB has processes in place to disposition applications for CO2
sequestration

2. Continue to treat CO2 under acid gas regulations

' 3. Maintain ERCB existing application process of specific regulatory
requirements and scheme specific approvals.

4. Subsurface monitoring is important and should continue in future
| approvals.

5 Future approvals require detailed assessment of existing
producing, suspended or abandoned wellbores in the area of
Influence to the injector.

6. Continue to work with GOA to provide advice on areas that could
impact the ERCB’s regulatory framework.

Energy Resources
Conservation Board

dERCB




Five Areas for Possible Regulatory
' Enhancements

/ 1. Injection wellbore construction practices

2. Well abandonment requirements
3. Public notification requirements for CO2
sequestration schemes

- 4. Regulations that ensure integrity of all wells in the
area of influence

5. Regulatory requirements for converting existing
wells to CO2 injectors

Energy Resources
Conservation Board

dERCB
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Recommended Phase Il Work

Examine ERCB jurisdiction on CO2 sources
Ensure consideration of CO2 in re-writes of Directives

Examine reservoir characteristics and performance
criteria for CO2 schemes (pressure, injection rate, etc.)

3
E. Review existing acid gas disposal approval conditions
|
6

Determine type and degree of operational monitoring
for large scale projects

Continue work with GOA on jurisdiction and
coordinated approach

/. Determine approach for injection volume tracking
8. Pipeline release considerations
9. Continued work on wellbore research

Energy Resources
Conservation Board

&ERCB




l Key ERCB Contacts:

Dr. Kevin Parks — Alberta Geological Survey, Provincial Geologist
|

Dr. Tristan Goodman, Advisor to the Chairman

Mr. Herb Longworth, Senior Technical Advisor

MERCB:z ks, | |
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Well Abandonment Practices

IEA GHG Wellbore Integrity Network Meeting
Calgary, May 13, 2009

TNO | Knowledge for business




ERY e NATIONAL EN=SRGY TECHNOLOGY LASORATORY

Natural CO2 Seque
Wellbore Cement Integrity Assessment

National Energy Technology Laboratory: Barbara Kutchko, Brian Strazisar,
Nicolas Huerta, George Guthrie

Los Alamos National Laboratory: Bill Carey
RJ Lee Group Inc.: Neils Thaulow

WBI Seminar May, 2009



Wellbore Integrity and CO, Storage

In the field, cement microstructure and
permeability can be affected by a variety
of processes:

— Cement Type

— Cure Conditions

— Additives

— CO, Properties
— CO,-saturated brine
— Supercritical CO,

— Brine Composition
— Formation Rock Type

Can we understand what happens in the
field by simulating various conditions in
the lab?

How does CO, affect chemical/physical
properties of cement over time?

— Narroyv uncertainties with series of
experiments

I NATIONAL ENSRGY TECHNOLOGY LASORATORY



Lab Experiments

Simulate injected CO, Ordinary

— Hydrodynamic trapping CailiErEan
— Solubility trapping

|
[| 1o /
N Supercritical £
h — CO,
CO, saturated
brine i \
o 1 Acid
Attck

Kutchko et al., ES&T 2007, 2008



CO,-Saturated Brine Exposure

Proposed Alteration Mechanism

1. Dissolution of Ca(OH),. (zone 1) and aqueous
precipitation of CaCO;, (zone 2) el

silica)

aq)

(2) Ca** 5q) + HCOg'(5q) + OH () —
CaCOy + H,0

2. Dissolution of CaCO;, and leaching
of Calcium ions from the cement
matrix (zone 3)

(3) H+ ) + CaCO3(S) — CaZ+ ) + HCO3_(

(aq (aq aq)
+ i (1 (@) (3)
(4) C-S-Hi) — C82 (ag) + OH (agq) + am-SiO2(s)
| NATIONAL =EN=RGY TECHNOLOGY LASORATORY

Kutchko et al., ES&T 2007, 2008



CARBONATION OF CONCRETE

v

The Bad: Popcorn
Carbonation

Determined by the balance
between available CH and
concentration of CO, in
system

Calcite
with
Silica CC is ppt from a low

supersaturated solution

The Good: Ordinary

Less nucleation sites = larger

Carbonation crystals The .U_gly: Amorphous
_ o S Silica Gel/ Acid
CC is ppt from a supersaturated diffusion > precipitation Attack
solution — good binder
Crystals nucleate and grow BICARBONATION OF CONCRETE End state: furtheSt extent
o of reaction

rapidly ok

How fast the ppt is compared
with migration of species

(Carbonate is not
sufficient to buffer

diffusion < precipitation cement)

low porosity, high strength high porosity, low strength

o Silica
[ cacite =+€GY TECHNOLOGY LASORATORY

Thaulow et al., 2001



Popcorn Carbonation

"Popcorn” crystals of
calcium carbonate in P
isotropic matrix of silica gel ¥

*Act as sand grains rather than
binding agent.

*New binding agent is now the
decalcified silica gel

*Resulting microstructure is
different than ordinary carbonation
and acid attack

NATIONAL SEN=SRGY TECHNOLOGY LASORATORY
Thaulow et al., 2001




How have laboratory experiments provided
insight to alterations observed in the field?
Comparison of Field and Laboratory

Samples |

NATIONAL EN=SRGY TECHNDLDG_Y LASORATORY



SACROC Case: Neat Portland cement

NETL Lab Samples
Cement Properties:

SACROC Field Sample
Cement Properties:

Neat Portland cement
— Density = 15.5 Ib/gal
Reservoir T = 54°C & p =18 MPa

Exposed to CO, at 54°C & 18 MPa
after 25 years in place

— Extensive hydration

Exposed to CO, (-brine) (EOR) for
30 yrs

Water/cement ratio ??
Brine composition ?? (>1% NaCl)

Alteration depth ranged from 2 —
10 mm

I
Carey et al., IIGGC 2007; Kutchko et al., ES&T 2008

Class H neat Portland cement
— Density = 16.5 Ib/gal
Cured at T = 50°C & p =15 MPa

Exposed to CO, at 50°C & 15 MPa
after 28 days

Exposed to CO, (-brine) for 1 year
Water/cement ratio = 38%
Brine composition = 1% NaCl

— CO, more soluble

Alteration depth averaged 1.00 *
0.07 mm for 30 year extrapolation

NATIONAL ENSRGY TECHNOLOGY LASORATORY



SACROC

120.00
100.00 -
80.00
60.00 -
40.00 -
20.00 -

0.00 -

HV/100gf

unaltered cc orange
Zones

SACROC compared to NETL

CO,-saturated brine lab Class H Neat
samples: 140 -

»>similar mechanical properties

unaltered CC zone orange

NATIONAL ENSRGY TECHNOLOGY LASORATORY



Similar Carbonation patterns

LANL SACROC field sample NETL laboratory sample



Discussion

SACROC Field Sample

Driven by the interaction of CO,-bearing

brines

Alteration induced by carbonation
followed by dissolution and
precipitation of CC

-altered from C-S-H and CH
-result: popcorn carbonation

-indicates higher pH of reaction
environment in cement matrix

-CC popcorns will dissolve if CO,

concentration is high enough to
further decrease the pH (i.e. acid
attack)

CC zone is carbonation front
-acts as a possible diffusion barrier

-migrates through cement followed
by dissolution/ precipitation which
leads to popcorn carbonation
formation

I
Carey et al. (2007); Kutchko et al. 2008

NETL Lab Sample

Driven by the interaction of CO,-
bearing brines

Alteration induced by carbonation
followed by dissolution (and
leaching) of CC

-altered from C-S-H and CH
-result: amorphous silica gel

-indicates lower pH of reaction
environment in cement matrix

-aka acid attack: end state and
furthest extent of reaction

CC zone is carbonation front
-acts as a possible diffusion barrier

-migrates through cement followed
by dissolution of CC due to low pH
of CO,-bearing brines

NATIONAL ENSRGY TECHNOLOGY LASORATORY



SCCO, Alteration of Cements with Pozzolan

CCP Field Sample NETL Lab Samples
Cement Properties: Cement Properties:
Portland based 50:50 Class H 35:65 and 65:35

Estimated original reservoir T = Cured at T = 50°C & p =15 MPa
57.7 °C & p = 10.2 MPa (1480 psi) (2200 psi)

Exposed to 96% CO, for 30 yrs Exposed to CO, at 50°C & 15 MPa

— Natural CO, producer after 28 days

Alteration depth varied along Alteration depth extrapolated to
depth of well 170 - 180 mm for 30 year

- indicated alteration by CO, - ordinary carbonation observed
migration along cement-formation
interface

Permeability: increased from ~1 Permeability: increased from ~1
puD to ~ 30 uD MD to ~21uD (65:35)




NETL Lab Samples:

« Thin CCring
* Inside the ring
— AFt (ettringite)

[CazAl(OH)g.12H,0 1,5(SO,)5-2H,0
— Chloride
— Unhydrated Cement grains

* Outside the ring
— No AFt or Chloride
— Calcium depleted cement grains
— Fully Carbonated

Vickers (HV) 100 gf

|
700 | CCP Samples:
60.0 :
50.0 - * Relatively uniform carbonation
|
40.0 1 ! * No CC rings observed
i 1 . .
300 |  Carbonate observed inside and
20.0 I : :
- outside reaction fronts
10.0 - !
|
0.0 'l NATIONAL =EN=RGY TECHNOLOGY LASORATORY
unreacted : inside Ca-ring outside




CCP Samples:

Cement at Formation Interface

4450 I .
4500 ’ '
seeo : showing a region of carbonation:
‘*g)? . penetration depth varied depending on
%4600 sample location (depth) in well
B
]
O 4e50 ¢
Reservoir *
4700 ! Contact | o
100% t
i
e Q % L o £ 4 & <
s %, %, %, 9 , ) %
% %0@6 % % U ?0,@ %.%’{“ %@% % 9

Summary “Pagoda” diagram showing mineral
abundances in the cement at the cement-
formation interface as a function of depth. The
width of the column reflects mineral abundance.
Actual sample locations are indicated at right-
hand side.

e X

CCP Sample: PLM image showing a
I _——
Crow et al., CCS 2008 carbonated region of the cement



Summary of Field and Lab Observations

Neat Portland cement forms distinct orange zone—
calcium carbonate fronts

Pozzolan-bearing cement carbonates more uniformly

Laboratory studies consistent with field in showing
that rate of CO, penetration in pozzolan-cements is
faster than neat cements

In field and laboratory, there is little evidence for
mass wasting or loss during carbonation

Carbonation results in increased porosity and
permeability but cement still acts as hydrologic
barrier

I NATIONAL ENSRGY TECHNOLOGY LASORATORY



New Experiments at NETL.:
Can laboratory experiments be used to
understand (predict) how cement will
respond under other field conditions?

H,S-CO, Cement Exposure
Experiments — Preliminary Results

Performed in collaboration with Energy &
Environmental Research Center (EERC) with
Steven Hawthorne and David Miller

I NATIONAL ENSRGY TECHNOLOGY LASORATORY



sample interiqé

Exposd 'to HZS-C2




General Conclusions

e Field samples vs. laboratory samples
 Field samples are very complex with complex histories

« Lab experiments can’t match the complexity but can be
used to understand general trends

« Use lab experiments to understand (predict) how cement
will respond under different various field conditions

— Leakage due entirely to chemical degradation of
cement will not be a significant concern.
« Chemical reaction alone is not going to cause leakage

« Reaction with cement is diffusion limited and slowed by the
precipitation of carbonates

— Field Samples indicate that degradation mainly
occurs along existing or induced pathways.

 Current and Future Work:
—  Will pathways be sealed or enhanced by CO, exposure?
—  What effect does brine composition have?

—  Effect of H,S-CO,(-Brine) on well cement?
« Simulate acid gas injection

I NATIONAL ENSRGY TECHNOLOGY LASORATORY



Introduction

In 2008 TNO was contracted by IEA GHG to conduct a review
study into well abandonment practices based on available literature

Results are to be published as IEA GHG report

Draft results presented here: any feedback is appreciated!

IPCC, 2005

-

& &\y

Number of Wells Drilled per ~10,000 kin2
1-100 100 - 300 [N 300 -1,000 [ 1.000 - 4,400 N 4,400 - 23,400 [ 23,400 - 61,000 No Wells/Data

|
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Scope of the study

Previously abandoned deep oil and gas wells

Well abandonment techniques

High order evaluation of abandonment practices, through:
Expert opinions (questionnaire)

Governing regulatory frameworks

Suitability for CO, storage
Overview of state of knowledge on well material degradation

Risk assessment

Recommended best practice

|
Tjirk Benedictus Well Abandonment Practices T|..



Types of wells

different types of wells need to be

storage
tinguished (after Watson & Bachu

* Regarding CO,

2007):

IS

d

|
Well Abandonment Practices '|-| .
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Case study: De Lier (the Netherlands)

previously presented at the 3" Wellbore Integrity Network meeting

Feasibility study to store CO, in the depleted gas reservoir of the
onshore, stacked De Lier field

sw LIR1 UR 405 LIR45,16 NE

Penetrated by 51 abandoned wells

Wells are abandoned according to .
regulations; abandonment did NOT take | -{ “g=

Into account CO,, storage
-Gas/CO,?

-Oil

Some wells would need reabandonment

Consequently, the proposed storage
project was discontinued

|
Tjirk Benedictus Well Abandonment Practices T|-.




Case study: Gulf Coast, Texas (USA)

+ Suitable geology for CO, storage, but...

- Extremely high well density (although
decreasing with depth): high probability of
encountering (abandoned) wells

* No comprehensive database on oil and gas g7
wells ever drilled (especially older wells,
l.e. pre-1930s, are lacking): high
uncertainty regarding abandoned wells
(e.g. location, abandonment status)

« After: Nicot et al., 2006; Nicot, 2008 “"“‘**\r

|
6 Tjirk Benedictus Well Abandonment Practices T|.| | ]



Plugging techniques

) LR Wirelina ,5 =
- 7 Displacement Fluid S 1] I
Spacer Fluid AR .
o Rpaen Dump Bailer
Cement i 1

e Cement Slurry

7 \'”‘.".

) A

] e
Balanced plug
method

Electrical/
Mechanical
Dump Release

,,«.»
A
N\

/
N\

Bridge Flug

|- sl | |e——Casing % ;E

D u I I I p B al I e r Botlom Cleaning of Top Plug Reverse Circulafion
Aluminum Tail Pi

Running In Plug Landed ipe Landed and Pulling Out

Two-plug method

Cement squeeze method
After: Nelson and Guillot, 2006

|
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Historical developments in plugging

State Historical
Society of
North Dakota

1922: Patent on Two-plug method by
Halliburton, limiting potential
mud contamination

1928: Multiple cement types became .
available for plugging

~1930: Introduction of centralizers, e = e
enabling more uniform cement dlstrlbutlon In wells

1940: Introduction of two types of Portland cement and three
types of additives

1940s: Invention and widespread use of caliper, enabling
calculation of the exact quantity of cement

1953: Publication of API standards on well cements

Wells that were abandoned prior to 1953 are often not
considered to have effective cement plugs

|
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Abandonment practices

Results based on a survey/questionnaire presented to
approximately 200 experts (at operators, service companies,
research institutes, regulatory bodies).

Only 9 responses from different regions (North America, Europe,
Australia)

Questionnaire subjects comprise: O O
Drilling & completion operations

Abandonment regulations
Abandonment practices O

Data availability

|
Well Abandonment Practices Tlﬂ.
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Questionnaire: Drilling and completion

well Abandonment Questionnaire

Various steel grades used for casing (e:g:J55, K55, 1.80,.N80,

C95, P110, Q125), generally following MPI)QW@;M@S onH,S
content, temperature and pressure. B T e
Common practice to use Cr-13 type steerlw COITOSIVE 1 i

environments

Name

Company

Primary cement sheath typically present alonxg@g -70% to 70-90%
of the wellbore

General well characteristics for representative fieldsfbasins

Fiekd/basin 1

0- 10% to 10-30% of WeIIs show Initial I@akagemﬂ e. Sg:p gag e

sssssssssssss

Improper slurry design, or overpressurlzatlo

Crepth Pressure (BHP] range”
O = 2500 rl a : IDDD P
01 - O 2500-5000 1L 01
[m] m-ma mns;mv [ =poD-1D,000 1L Oz nn pé:
O = 100 welkium? O ip000-13,000 N 0= SDDD
10 Tjirk Benedictus Well Abandonment Practices T|..



Questionnaire: Abandonment regulations

well Abandonment Questionnaire

Regional or national regulations, or (in absence of these) -

practices and regulstions for esizting oil & gaz wells, Howewver, the aim is uitabilicy of

international guidelines (OSPAR, London Conv

these appl artices for or ;“t»'am fiaa of CC;)a man futupe storag iill be devsloped
jq el

and

Tiirk Beredictus,
TR - Methzelan
- o dens

anization of Applied

Balanced plug method is most commonly prescribed

ou are inuited to fill cut the quesionnaire slectronically in Microsoft Ward, ng, please sand
wha complened file s artachrosnt’ vo ik kenadicy tusiEtno.nl, In arder to inc ults in the
pEasamn IE@.-GH'_«' ztudy, the quezdannsive should be submitted no later than v 10, 2008,

i Hicenas

Minimum number of plugs ranges from1to 3

Cormpany
(m]

E-rriail

Minimum plug length ranges from 8 to 10

General well characteristics for representative fieldsfbasins

LI ooy oot poe aow qs aeatiesis to o

S r2aion & Blare specific

Fiekd/basin 1

Plug testing generally involves either weight oztj pressure test ..

EDL-5 000 L O 1Dp00-2 500 pxi
O 10100 welbdnm? O ISED-195% [ RN O 2500-5D0D pxi
[ R R [1980-pesent 145, 000-13, 000 11 O » 5000 pi

Fiekl/basin ¥
O cvwcs 2wt von oot w

Beendoament

Requirements for corrosive environments-are f@[ely m@acem@W

< 1 wellfxm? O = 100D p=i
O 1-1hwelsfcms O15I10-195% O 2=00-5000 T O 1Db00-2 500 pxi
O 10-100 weltome O 13E0-1590% O so00-1 0,000 L O 2500-5000 px
O = 100 weliglumd D 188D-pranent O 10, 000-12,000 1 O = 5000 et
Tjirk Benedictus Well Abandonment Practices



Questionnaire: Abandonment practice

well Abandonment Questionnaire

Majority of operators has not been taking into- ﬁ@*@QUﬂLthentlm

praciices and requlations for ewisting ol Howeyer, the aim is uitability of
theee applied pracricss for longterm s t(ra;e as many future storag vill be developed

second life applications when abandoning A

Tiiek Benedicus
TNO Nat}e

anization of Sppliad

dar s

However, some operators recently started to.evaluate field’'s

Yo are insited t Al putthe questinnneire electronically in Microzoft Word, ng, please zend
e completed file ax atucf%erft L= .|rl/ benedictus@tna,nl, In order to inc ults in the

value for future purposes prior to abandonment -

Marnsz

7 Jn Miresg

[m]
Company

Company practices closely reflect governing regulatlons more

ST DO O g0 SR 0 Sr et

stringent measures (e.g. longer plug lenigths, advanced

. General well charvactgristics for represegtative fields/basins

materials) may be applied, especially in-¢corrasive environments

Well density” Age range’ Depth range’ Praszure (BHP) range’
0 < 1 welgsms [ pes <1830 [l = 2500 T O = 1000 pxi

I 1-1D welsfeme C%I0-155 I 2500-5D0D 1L O 1000-2500 psi

I AD-100 we lisfome C1%80-157% [ =pLo-1D,00D N O 2500-5000 p=i

[ = 100 welkdxms [ 198 e pomzen L [ 10,60 017, D0 Tt O > 5000 p=

Fiekl/basin ¥
O cowcs 2or it roo oo ot want 8¢

T ———
Well density” Age range’ Depth range” Praszure (BHP) range’
O = 1 weltkm: O pe-151D0 O = 25001 O = 1000 pxi

O 1-10 welsfume O15I10-195% O 2=00-5000 T O 1Db00-2 500 pxi

O 10-100 weltome O 13E0-1590% O so00-1 0,000 L O 2500-5000 px

O = 100 weliglumd 1880 prasen L O 10, 000-12,000 1 O = 5000 et

12 Tjirk Benedictus Well Abandonment Practices T|..



uestionnaire: Data availability

well Abandonment Questionnaire

ndicated that ;for 90- =

Majority of respondents (a single exception) ir lea:-ina i

practices and régul
these applied pracricss for In.nq rerm \mrage i
% et are penstrabzd by sting wells.

100% of the wells data is availableon:

Tiiek Brnedichus, MEc,
TMO ~ Netharlsan ganization of Spplied Soi
Geo-anergy daparment

=

o

Well location (coordinates)

You are invited to fill outthe questionnaire electronically in M icrosoft Word. | hing, pleaze zend
the completad file ax attachmerd’ t 3 enedictuz@tnc.nl. In order to mcl.n wsults in the

P rese nt Wel I Statu S prezent IEA-EHG study, the quastionnaive should be zubmitead no Jater than b er 10, 2003,

7 10 MErcaon:

Well configuration (i.e. cased depths, top @f cement, plug

Cornpany

lengths, materials applied)

Begiorn of activities < renion »  More specific

L stwse o o vow are o araieow i oe o0

General well characteristics for representative fields/basins

Field, basin I

]
Well density” Age range’ Depth range’ Praszure (BHP) range’
0 < 1 welgsms [ pes <1830 [l = 2500 T O = 1000 pxi
O d-1D welfoms C%I0-155 I 2500-5D0D 1L O 1000-2500 psi
I AD-100 we lisfome C1%80-157% [ =pLo-1D,00D N O 2500-5000 p=i
[ = 100 welkdxms [11980-ponzent [7 10,00 0-17, 000 Tt O = 5000 pxi

Fiekl/basin ¥
O riwes fosrtr von o and want 292 0
Ptendoment sy

Well density” Age range’ Depth range” Praszure (BHP) range’
O = 1 welfxm: O pre-1310 O = 25001 O = 1000 pxi
O 1-10 welsfume O 1310-195% O 2500-50D0 T O 1000-2500 psi
O 10-100 welkdime O 1960-197% O 5000-10,000 1 O 2500-5000 px
O = 100 weliglumd 1880 prasen L O 10, 000-12,000 1 O = 5000 et
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Well Abandonment Regulations

Literature research of well abandonment requirements in
international regulations and a selected number of
countries/states with petroleum history, including;

Australia

Canada

China

Europe (e.g. Denmark, Netherlands, Norway, UK)

Japan

USA (Alaska, California, Texas)

Data obtained of plug lengths and position requirements used in;
the transition zone from uncased to cased sections
reservoir (uncased) section
perforated cased sections

|
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Selection of minimum plug requirements

Transition zone from uncased to cased sections;
Europe; 50-100 m, except UK; 30 m
International; 30-60 m, except Canada; 15 m depending on
formation

Reservoir (uncased) section
Europe and International; 50-100 m, except UK and Canada,;
30m

Perforated cased sections
Europe; 50-100 m, except UK; 30 m
International; 30-60 m, except Canada; 80 m

Note: plug lengths in feet have been converted into meters and rounded off

|
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16

Minimum plug lengths per country/state
Transition zone from uncased to cased sections

b

100 m

E Europe

=T RV A T,
L v % !
d 2 XTI h e
&#?““*?*w ¢ X,
o) !:':' k
". S S
= & 0
- :

USA & Cana%b @

le—

AUstralia

ASIa

_'w

Legend

- Length above casing shoe (m)

I:l Length below casing shoe (m)




Remarks on review of abandonment regulations

Assessment of the regulatory framework provides a first order
proxy for initial identification of abandonment practices only

Cement plug is compulsory in all evaluated regulatory documents

Main differences involve plug requirements (lengths) at the level
of the deepest casing shoe

The application of mechanical plugs often require additional
cementing (exact requirements differ significantly among
regulations)

Note that reviewed documents often involve unofficial translations of the original
documents from the native languages to English

|
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Impact of CO, on wellbore integrity: an overview

« Cement degradation is considered to ot outiand et ol 2006
be diffusion-controlled i

* Function of e.g. pH, T, P and salinity, ¢
but also on curing conditions, :
experimental setup (static vs. flowing,
supercritical vs. dissolved CO,)

Carbonation frant :
zone of very low porosity

2080 |8 cearven oo
» Extrapolating published experimental data according to Fick’'s Law
of diffusion (d = C - t*), shows divergent results: Time (t) required to
degrade d = 25 mm of cement, ranges from 15 days to over
724,000 year (under different conditions)

|
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Impact of CO, on wellbore integrity: an overview

Carey et al, 2007 Cement Shale Fragment Zone

* Limiting factors apply translating Rl il
experimental results to field cases, e.g.: &%

« Limited reaction surface in the field
(taken into account by some authors)

* Limited availability of free water
(especially for some depleted gas fields)

» High salinity (especially abundance of Ca?*) may reduce
degradation or even lead to self-healing through calcite
precipitation

|
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Impact of CO, on wellbore integrity: an overview

- - - Carbonic acid formation:
Steel corrosion is a linear process CO. » H,0 02 H.00,
FunCtlon Of pH1 temperaturea Anodic reaction: Cathodic reaction (on the steel surface):
salinity and partial CO, pressure foor fer v 2o M0, Te o OO
Published experimental results |_¥—J e .
show corrosion rates in the order [ Vet Becton transport

of mm’s per year

Under favorable conditions (T>60-100°C; pH>5) siderite (FeCO,)
precipitation can retard corrosion, forming a (partially) protective
layer

In general, higher grade steel is more susceptible to corrosion

|
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Impact of CO, on wellbore integrity: an overview

Mechanical deformation

Reservoir decompaction due to

CO, injection: strain incompatibility

at cement-steel interface may

cause debonding, and tensile cracks - U3
in the cement sheath \

Shear deformation at the interface between reservoir and cap
rock may damage the wellbore

Micro-fractures and micro-annuli may arise from:
Poor cement job (incl. cement shrinkage)

Temperature and/or pressure changes or cycles

i
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Impact of CO, on wellbore integrity: an overview

Interaction of casing corrosion and cement degradation along
micro annuli

Experimental work on a cement-steel sample in CO,-brine (incl.
Ca?*) by Carey et al. (2008) shows:

No significant loss of mass of both steel and cement
Precipitation of siderite (FeCOg) on the steel surface

Limited penetration of CO, in cement consistent with 1-D

diffusion
|
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Impact of CO, on wellbore integrity: an overview

Interaction of chemical, mechanical and physical processes

Huerta et al. (2008) and Lécolier et al. (2008) report self-
healing at cement-casing interface in lab experiments

At increasing confining stress, mechanical weakening results
In rapid closure of fractures

Lécolier et al. (2008) report decreasing permeability and flow

rates
|
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Recommended best practice

Future wells can be designed, drilled completed and abandoned
taking into account any CO, storage reservoirs

Suitability of existing wells for CO, storage needs to be evaluated

Accessible wells may require workover operations to be able
to adequately isolate CO, storage reservoirs; techno-
economical considerations determine the feasibility

Abandoned wells generally are not accessible. Especially
older wells may pose threats to CO,storage. Furthermore,
timing and stringency of global abandonment regulations
varies considerably

|
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Managing previously abandoned wells

Lab experiments show cement degradation rates extrapolating to
a maximum of 12.4 m in 10,000 years under severe T conditions,
l.e. 204°C, 69 bar (in practice penetration is likely to be less)

Prescribed cement plug lengths range from 15 to 100 m

Quality and mechanical integrity of cement plug and sheath

seems to be of more significance than chemical degradation:
Fractures or annular pathways in or along the cement will
likely govern the permeability of the wellbore system

Supported by investigations of downhole cement samples by
Carey et al. (2007) and Crow et al. (2008):

Diffusion-based degradation of cement is limited

CO, migration was observed along cement-steel and cement-

formation interfaces —
Tjirk Benedictus Well Abandonment Practices u.



Risk Management: assessment

When considering long-term CO, storage, the current state of
wells involved needs to be confidently assessed, including
previously abandoned wells

Evaluation of abandonment configuration with respect to
second life application

Evaluation of current state of materials and placement,
extrapolating from data gathered prior to abandonment

|
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Risk assessment methodologies

FEP (Feature, Event, Process) analysis to
Identify site-specific CO, storage related
hazards (e.g. TNO CASSIF, Quintessa)

Qualitative RA

Quantitative RA <
Deterministic (applicable to small numbers of wells)
Probabilistic (applicable to large sets of "2 & o
wells; e.g. OXAND methodology ——) - H} +F~

E;‘:m “’m‘l's;'::r"“;"‘“: Well integrity “Jn\’
o e oEE
' ==/
distribution mezpns nca)g<|'id
Semi-quantitative: e.g. data mining : n
Watson and Bachu, 2007 ‘ ’:I] ’_GIM_‘ S«Eanmm -
Well Abandonment Practices u.
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Risk Management: monitoring

* Monitoring well integrity as part of the entire suite of monitoring
techniques employed on a storage site

» Potential techniques involve:
* (near-)surface measurements (soil gas/fluxes,
groundwater chemistry)
* remote sensing
» geophysical methods (e.g. seismic)

* In order to enhance discrimination between natural and injected
CO,, tracers could be added to the injected CO,

|
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Risk Management: remediation

* Remediation of abandoned wells requires re-entering and re-
abandonment and is extremely costly and generally unfeasible

« The ultimate measure to mitigate leaking - -

storage reservoirs would be releasing
pressure by venting CO, into the atmosphere

* Obviously costly remediation or venting CO,
should be prevented, initially by performing a
comprehensive assessment of the wells
involved prior to CO, injection

|
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regarding the
be appreciated.

i
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Wellbore Integrity and CO, Storage

In the field, cement microstructure and
permeability can be affected by a variety
of processes:

— Cement Type

— Cure Conditions

— Additives

— CO, Properties
— CO,-saturated brine
— Supercritical CO,

— Brine Composition
— Formation Rock Type

Can we understand what happens in the
field by simulating various conditions in
the lab?

How does CO, affect chemical/physical
properties of cement over time?

— Narroyv uncertainties with series of
experiments

I NATIONAL ENSRGY TECHNOLOGY LASORATORY



Lab Experiments

Simulate injected CO, Ordinary

— Hydrodynamic trapping CailiErEan
— Solubility trapping

|
[| 1o /
N Supercritical £
h — CO,
CO, saturated
brine i \
o 1 Acid
Attck

Kutchko et al., ES&T 2007, 2008



CO,-Saturated Brine Exposure

Proposed Alteration Mechanism

1. Dissolution of Ca(OH),. (zone 1) and aqueous
precipitation of CaCO;, (zone 2) el

silica)

aq)

(2) Ca** 5q) + HCOg'(5q) + OH () —
CaCOy + H,0

2. Dissolution of CaCO;, and leaching
of Calcium ions from the cement
matrix (zone 3)

(3) H+ ) + CaCO3(S) — CaZ+ ) + HCO3_(

(aq (aq aq)
+ i (1 (@) (3)
(4) C-S-Hi) — C82 (ag) + OH (agq) + am-SiO2(s)
| NATIONAL =EN=RGY TECHNOLOGY LASORATORY

Kutchko et al., ES&T 2007, 2008



CARBONATION OF CONCRETE

v

The Bad: Popcorn
Carbonation

Determined by the balance
between available CH and
concentration of CO, in
system

Calcite
with
Silica CC is ppt from a low

supersaturated solution

The Good: Ordinary

Less nucleation sites = larger

Carbonation crystals The .U_gly: Amorphous
_ o S Silica Gel/ Acid
CC is ppt from a supersaturated diffusion > precipitation Attack
solution — good binder
Crystals nucleate and grow BICARBONATION OF CONCRETE End state: furtheSt extent
o of reaction

rapidly ok

How fast the ppt is compared
with migration of species

(Carbonate is not
sufficient to buffer

diffusion < precipitation cement)

low porosity, high strength high porosity, low strength

o Silica
[ cacite =+€GY TECHNOLOGY LASORATORY

Thaulow et al., 2001



Popcorn Carbonation

"Popcorn” crystals of
calcium carbonate in P
isotropic matrix of silica gel ¥

*Act as sand grains rather than
binding agent.

*New binding agent is now the
decalcified silica gel

*Resulting microstructure is
different than ordinary carbonation
and acid attack

NATIONAL SEN=SRGY TECHNOLOGY LASORATORY
Thaulow et al., 2001




How have laboratory experiments provided
insight to alterations observed in the field?
Comparison of Field and Laboratory

Samples |

NATIONAL EN=SRGY TECHNDLDG_Y LASORATORY



SACROC Case: Neat Portland cement

NETL Lab Samples
Cement Properties:

SACROC Field Sample
Cement Properties:

Neat Portland cement
— Density = 15.5 Ib/gal
Reservoir T = 54°C & p =18 MPa

Exposed to CO, at 54°C & 18 MPa
after 25 years in place

— Extensive hydration

Exposed to CO, (-brine) (EOR) for
30 yrs

Water/cement ratio ??
Brine composition ?? (>1% NaCl)

Alteration depth ranged from 2 —
10 mm

I
Carey et al., IIGGC 2007; Kutchko et al., ES&T 2008

Class H neat Portland cement
— Density = 16.5 Ib/gal
Cured at T = 50°C & p =15 MPa

Exposed to CO, at 50°C & 15 MPa
after 28 days

Exposed to CO, (-brine) for 1 year
Water/cement ratio = 38%
Brine composition = 1% NaCl

— CO, more soluble

Alteration depth averaged 1.00 *
0.07 mm for 30 year extrapolation

NATIONAL ENSRGY TECHNOLOGY LASORATORY



SACROC

120.00
100.00 -
80.00
60.00 -
40.00 -
20.00 -

0.00 -

HV/100gf

unaltered cc orange
Zones

SACROC compared to NETL

CO,-saturated brine lab Class H Neat
samples: 140 -

»>similar mechanical properties

unaltered CC zone orange

NATIONAL ENSRGY TECHNOLOGY LASORATORY



Similar Carbonation patterns

LANL SACROC field sample NETL laboratory sample



Discussion

SACROC Field Sample

Driven by the interaction of CO,-bearing

brines

Alteration induced by carbonation
followed by dissolution and
precipitation of CC

-altered from C-S-H and CH
-result: popcorn carbonation

-indicates higher pH of reaction
environment in cement matrix

-CC popcorns will dissolve if CO,

concentration is high enough to
further decrease the pH (i.e. acid
attack)

CC zone is carbonation front
-acts as a possible diffusion barrier

-migrates through cement followed
by dissolution/ precipitation which
leads to popcorn carbonation
formation

I
Carey et al. (2007); Kutchko et al. 2008

NETL Lab Sample

Driven by the interaction of CO,-
bearing brines

Alteration induced by carbonation
followed by dissolution (and
leaching) of CC

-altered from C-S-H and CH
-result: amorphous silica gel

-indicates lower pH of reaction
environment in cement matrix

-aka acid attack: end state and
furthest extent of reaction

CC zone is carbonation front
-acts as a possible diffusion barrier

-migrates through cement followed
by dissolution of CC due to low pH
of CO,-bearing brines

NATIONAL ENSRGY TECHNOLOGY LASORATORY



SCCO, Alteration of Cements with Pozzolan

CCP Field Sample NETL Lab Samples
Cement Properties: Cement Properties:
Portland based 50:50 Class H 35:65 and 65:35

Estimated original reservoir T = Cured at T = 50°C & p =15 MPa
57.7 °C & p = 10.2 MPa (1480 psi) (2200 psi)

Exposed to 96% CO, for 30 yrs Exposed to CO, at 50°C & 15 MPa

— Natural CO, producer after 28 days

Alteration depth varied along Alteration depth extrapolated to
depth of well 170 - 180 mm for 30 year

- indicated alteration by CO, - ordinary carbonation observed
migration along cement-formation
interface

Permeability: increased from ~1 Permeability: increased from ~1
puD to ~ 30 uD MD to ~21uD (65:35)




NETL Lab Samples:

« Thin CCring
* Inside the ring
— AFt (ettringite)

[CazAl(OH)g.12H,0 1,5(SO,)5-2H,0
— Chloride
— Unhydrated Cement grains

* Outside the ring
— No AFt or Chloride
— Calcium depleted cement grains
— Fully Carbonated

Vickers (HV) 100 gf

|
700 | CCP Samples:
60.0 :
50.0 - * Relatively uniform carbonation
|
40.0 1 ! * No CC rings observed
i 1 . .
300 |  Carbonate observed inside and
20.0 I : :
- outside reaction fronts
10.0 - !
|
0.0 'l NATIONAL =EN=RGY TECHNOLOGY LASORATORY
unreacted : inside Ca-ring outside




CCP Samples:

Cement at Formation Interface

4450 I .
4500 ’ '
seeo : showing a region of carbonation:
‘*g)? . penetration depth varied depending on
%4600 sample location (depth) in well
B
]
O 4e50 ¢
Reservoir *
4700 ! Contact | o
100% t
i
e Q % L o £ 4 & <
s %, %, %, 9 , ) %
% %0@6 % % U ?0,@ %.%’{“ %@% % 9

Summary “Pagoda” diagram showing mineral
abundances in the cement at the cement-
formation interface as a function of depth. The
width of the column reflects mineral abundance.
Actual sample locations are indicated at right-
hand side.

e X

CCP Sample: PLM image showing a
I _——
Crow et al., CCS 2008 carbonated region of the cement



Summary of Field and Lab Observations

Neat Portland cement forms distinct orange zone—
calcium carbonate fronts

Pozzolan-bearing cement carbonates more uniformly

Laboratory studies consistent with field in showing
that rate of CO, penetration in pozzolan-cements is
faster than neat cements

In field and laboratory, there is little evidence for
mass wasting or loss during carbonation

Carbonation results in increased porosity and
permeability but cement still acts as hydrologic
barrier

I NATIONAL ENSRGY TECHNOLOGY LASORATORY



New Experiments at NETL.:
Can laboratory experiments be used to
understand (predict) how cement will
respond under other field conditions?

H,S-CO, Cement Exposure
Experiments — Preliminary Results

Performed in collaboration with Energy &
Environmental Research Center (EERC) with
Steven Hawthorne and David Miller

I NATIONAL ENSRGY TECHNOLOGY LASORATORY
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Exposd 'to HZS-C2




General Conclusions

e Field samples vs. laboratory samples
 Field samples are very complex with complex histories

« Lab experiments can’t match the complexity but can be
used to understand general trends

« Use lab experiments to understand (predict) how cement
will respond under different various field conditions

— Leakage due entirely to chemical degradation of
cement will not be a significant concern.
« Chemical reaction alone is not going to cause leakage

« Reaction with cement is diffusion limited and slowed by the
precipitation of carbonates

— Field Samples indicate that degradation mainly
occurs along existing or induced pathways.

 Current and Future Work:
—  Will pathways be sealed or enhanced by CO, exposure?
—  What effect does brine composition have?

—  Effect of H,S-CO,(-Brine) on well cement?
« Simulate acid gas injection

I NATIONAL ENSRGY TECHNOLOGY LASORATORY



Experiences in the Salt Creek
Field CO2 Flood

Ken Hendricks
Anadarko Petroleum Corp.

5t Annual Wellbore Integrity Network
May 13-14, 2009

Calgary, Alberta



Thank you

This presentation contains forward-looking statements within
the meaning of Section 27A of the Securities Act of 1933 and
Section 21E of the Securities Exchange Act of 1934. Anadarko
believes that its expectations are based on reasonable
assumptions. No assurance, however, can be given that such
expectations will prove to have been correct. A number of
factors could cause actual results to differ materially from the
projections, anticipated results or other expectations
expressed in this presentation. See “Risk Factors” in the
company’s 2008 Annual Report on Form 10-K and other public
filings and press releases. Anadarko undertakes no obligation
to publicly update or revise any forward-looking statements.



Outline

» Field/System Overview

L 1
= SALT CREEK OIL FIELD ,

. STOCKMAN WERE AWARE OF POOLS OF OIL IN THE CREEK
*Wells BOTTOMS DURING CATTLE TRAILING DAYS. THESE OIL SEEPS LED
- T0 THE DISCOVERY OF SALT CREEK, ONE OF WYOMING'S LARG-
EST OIL FIELDS, NINE MILES LONG BY FIVE MILES WIDE,
S IN1883 THE FIRST CLAIMS WERE FILED IN THE 22,000 ACRE
OOth ers -' SALT CREEK FIELD. THE FIRST STRIKE IN THE FIELD OCCURRED
IN1908 AT A DEPTH OF 1,050 FEET, MANY WELLS ARE STILL
. ACTIVE. SALT CREEK WAS ONE OF THE FIRST UNITIZED OiL
& COMPANY OPE uuncgﬂs;n;‘rﬁst.s %%%EEL%’Jluzsnn?(:suwé}z%as
OMPANY OPERATES PROPE .
el essons Learned T ICIENT RECOVERY METHODS CAN BE USED, IMPROVED
PRACTICES N SALT CREEK HAVE RECOVERED MANY ODITIONAL
MILLIONS OF BARRELS OF DIL.

» Benefits

e Questions




Anadarko’s Wyoming EOR Assets

e Fields
— Monell
— Salt Creek
— Sussex
* Pipelines
— 33 mile, 8”
— 125 mile,
16"
 CO, Supply
— XOM Shute
Creek

‘.i m Land Grant

Gas Fields

Oil Fields

APC GO, Pipetime Powder River
& Basin

Big Horn

Basin

JacKsomnmHole ® Sussex

Wind River
Basin

Shute Creek
Plant -

]

(Green River
Basin

811

Basin Monell

J F‘ ;
’ o i il o
« T GreatDivide ;

Salt Creek

DENVer
Basin




Salt Creek — Overview

History
« Discovered in 1908
 >4,000 wells drilled
« 1.7 Bbbl of OOIP
e 0.7 Bbbl cum. production
e 10 producing horizons
 Depths range from 22’ to 4,500’

— Second Wall Creek ~ 1,800’
« Waterflooding began mid-1960s
o CO2 injection began Jan 2004

— CO2 production began May 2004
 >90% located on BLM acreage

 Planned Sequestration of ~40
million tons (700 BCF) of CO2

Current Rates

« 8,000 b/d from CO2, (9,500 b/d
total)
e 350 MMcf/d CO2 injection
— ~125 MMcf/d new CO2
— ~225 MMcf/d recycled CO2

[ - % B . .
e CO2-EOR Cumulative > 8 MMBO Salt Creek Oil Field, early 1920s.
Required Credit: AMOCO Refining Co. Collection, Casper College Library.
Notice: This material may be protected by copyright law (Title 17 U.S. Code).
Any use, publication or distribution requires permission from both the copyright holder and the Casper College Library.

QQ
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Salt Creek Type Log —Wall Creek 1 & 2

|
=2 1775 0 e I L

il b H Wall creek 1| Wall Creek 2 (Primary Horizon)
i1 £ cEEas it 33;;’;12*3:;;;‘335 — Salt Cre_ek structure s a large
: SuE asymetrical anticline

LR SEEsm=saman — Area: 40 sq. miles
SR A _ Depth: 1,500 - 2,500"
b - j?- : 3; “:: H — Thickness: 130’ grs/ 70’ net

B T e — Por / Perm: 19% por /52 mD

3 ; ; | ? 3 — 39 API; MMP 1,250 psi
‘ e PEEEREEF 1 — Primary: 1917 — 67
FeH B EESS SSEEEEEEumm — Waterflood: 1967 — present
' H R’ — CO2: 2004 — present
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SAL

Phase

|

T CREEK
COIL UNIT |

~

SALT

SOu

TH UNIT

WC2 CO, Flood

Oil: 39° API
MMP: 1,275 psi @ 105°
Miscible areas on flanks

Flood Type: (WAG)
Water Alternating Gas

Producers: Flowing
wells (against surface
backpressure of 200 -
400 psi)



CO, Flow Process at Salt Creek

PRS Facility: Reduce the CO,
pressure to operating conditions

D

| e
Purchased CO,
from Pipeline ’ q> q)
Oil to Sales
Recycled CO,
4 from field
I
D ] [ @ |
111
Injection Gather & Compress
Header produced CO,
Aﬂ ‘SeparationD+
Test
11T
I :
Production Production
_ Well Header
Inj\?VCt:Ion CO,, Oil, & Water Production
e




~8 MMBOE from Salt Creek CO2 flood

Gross Oil Production (BOPD)
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8,000

7,000

6,000

5,000

4,000

3,000

2,000

1,000

Salt Creek CO2 Flood Performance

I Oil Production BOPD
—&— CO2 Injection MMCFD

360
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60

30

Total CO2 Injection (MMCFD)




Pre-CO2 Development — What did we have?

 More than 4,000 wells drilled; ~70% prior to 1930

~1,000 well waterflood producing +/- 5,000 b/d; 99.4% water cut

High well density with the Second Wall Creek formation
developed on ~ 4-acre spacing

Limited open-hole log data — Most wells drilled prior to this
technology existing

EXxisting production/injection casing not designed for corrosive
CO2 service & of questionable integrity

Over 3,000 plugged and inactive wells with questionable cement
Isolation & questionable plugging quality

Incomplete well data & numerous unknown wellbores



Well Challenges

 |dentification of all existing wellbores

— Extensive record searches, conventional & unconventional.
Difficult because of limited or nonexistent records for numerous
wells

— Magnetic surveys, both aerial and ground

Magnetomet -ﬂ




3D Perspective of Magnetic Survey




Well Challenges (cont.)

Hyper-mature wellbores with
minimal to no original cement
and questionable wellbore
Integrity
— Cement is critical to keep CO2
contained in target reservoir

— Significant efforts to quantify
cement quality, CBLs, temp logs,
tracers, etc.

— Squeeze cementing is very
common

Effective cement blends

— Presently Type I/ll cement is
used.

— Work in low temps < 105 F

— Available & economic

— Low permealbility (finer grind)

— Performs well in acid resistance

testing and is rated as sulfate
resistant

Well # 21wcZnels

iy f{‘
Surface Csg: 13 3487, ¥
458 @ 50" w10 sx

] Campletian Date:
: E/M1311924

TOP - 1308

WCi

Battorn - 1445 F i
Inter. Csg: B 5/, 284
& 1488' w' 30sx

. ) Inter. Csg: 7, 206
Togp: 1684 e o e ) 1684 W Dex

wcz2

Bottom: 1745 ‘:

TO - 1765



Well Challenges (cont.)

Effective sealing with high
durometer packing/sealing
elements
— High durometer elements
unsuitable at Salt Creek,
presently 60 - 80
durometer elements are

used
High volume of well work

— >1200 wells worked over
in Phases 1-6

— 95+9% success rate Iin
reactivating plugged
wells

High pore pressure gradients
— J’C.J4 % 18 %pg equi\(igalent




Salt Creek Well Design / Requirements

*Every well is evaluated, make no

Master Valve

assumptions of adequacy —
Casing Head
*Existing wellbores used when possible —
typically extensive work is required Surface Casing
oZonal isolation rECIUirEd in all We”S, %Corrosionlnhibited water
including P&A wells “ |
| —2 7/8” Coated tubing
«Basic Well Requirements 1
On-Off togl - N Nickel Plated Packer
*Pressure integrity within the casing N / Top 1400 ft
above perforated interval \‘[L // Wall Creek 1
100’ of behind-pipe cement above the Seating Nipple T~ 19 Top 1800 ft
WC2 & WC1
_ : Wall Creek 2
All CO2/Water injected down tubing - ﬁ
internally lined, coated, or fiberglass e
D ~1’950 fi 5 %" Casing at 1950 ft

*Nickel plated packers used to mitigate
potential corrosive effects, and to aid in
isolation

eInjectors and producers are equipped

identically m



Cement isolation above I:rﬁSI&@ﬂSalacﬂ/ﬁﬂ'ﬂﬁéjuired to prevent behind pipe

fluid movement

— Pr?p_erly designed common oilfield cements are effective in carbonic acid
solutions

— CBLs have proven to be effective for evaluation

Perform well work in advance of CO2 development, all objectives are more attainable
in a lower pressure environment

All wells drill to the WC1 or deeper will be evaluated and worked on as necessary, this
includes making sure that all inactive wells are plugged roperly. If records are
uncertain, rig up and confirm the status of the wellbore. This will mitigate potential
wellbore integrity issues

Ca_sin_? will be pressure tested. Pressure requirements will vary as individual well
reliability requirements increase. This will mitigate potential wellbore integrity issues

All packers will utilize sealing elements rated no higher than 80 durometer to allow for
a better packer seal within the wellbore

Wellheads will utilize a tubing hanger equipped to handle a back pressure valve, and
Wl|f| l%e flange connected to the master valve. This expedites well control and improves
safety

Step-rate tests will be performed and are critical for optimizing injection rates and
pressures

Rergledial cement work is the most effective way to correct most wellbore integrity
problems

Slimhole completions using fiberglass tubing/casing is a viable option on both existing
older wells and newly drilled wells. Fiberglass pipe will be cemented to surface.



Lessons Learned (cont.)

« Well problems can occur. At the first indication of a problem be prepared to
utilize one, or more, of the following diagnostic tools:
— Injector / producer pattern reviews (High level check)
* Reservoir pressure evaluation
 Injection-Withdrawal ratios/Pattern balancing

— Temperature logging (Joule-Thompson effect)

« Common and useful in identifying both internal and external wellbore
problems

» Fiber Optic Cable can be run in some cases, allowing for fully distributed
temperature logs

— Radioactive tracer logging. Can be performed with both gas and liquid
transported tracer material
« Can also identify internal and external wellbore problems
« Gas tracer material can be run with CO2
— Other technologies
* Noise logs
e Seismic
 Interwell Tracers



Other Challenges

« Continued Waterflood Operations concurrent with CO2
Development & Ops

 Significant project activity beyond Second Wall Creek
Development

e Challenging Regulatory Environment
— Environment Assessments
— Wildlife Stipulations
— Oversight by both State & Federal Agencies
— Long permit lead times
— Changing regulatory requirements



Non-Typical Benefits

« Salt Creek development viewed positively by State and
Federal Agencies

— Vintage plugged and abandoned wells are re-plugged to modern
standards, reducing liability

— Improving viewshed & more aggressive field reclamation
— New flowlines reduce leak frequency, minimizing spills
— CO2 sequestration

« Salt Creek’s brownfield development assists the

regulatory agencies in meeting their stated multiple use
objective, while minimizing new disturbance
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Weyburn Well Integrity —

-~ Database

B

I E A G HG
WEYBURN-MIDALE
COz MONITORING
AND STORAGE PROJEGT

Brandi Mitchell
Rick Chalaturnyk

Reservoir Geomechanics Research Group

Department of Civil and Environmental Engineering

University of Alberta



Scope of Database and Knowledge

Synthesis Tasks
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* Expand the wellbore database

to cover ALL wells within the
Phase | A area and to extend
this coverage to Region A

New parameters will be
added to the database, such as
workover frequency and
casing vent gas or sustained
casing pressures.

Effort will also be expended in
making the database more
user-friendly by implementing
graphical user interfaces for
well identification.
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Data Mining

|dentify parameters that are most likely to affect long-term
wellbore integrity.

Produce a relative ranking between well construction
methods/materials and wellbore integrity.

Assessment of the mechanisms and magnitudes of leakage to
be expected in wellbores with the construction methods and
materials used in the Weyburn Field.

Generate a family of statistics that will properly characterize
the range of physical and behavioural conditions of the
wellbores within Region A.

By combining the well integrity assessment methodology
developed in Phase | of the Project and the relationships
established from the data mining task, an empirical long-term
well integrity risk criteria will be developed for the range of
well types found within Region A of the project area.



Weyburn Setting

<: Study Region .

{ Aerta System Model
7 (10 km beyond EOR)
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CO, Injection
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Phase | of Project
Ht of Annular Cement Column
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WVell Integrity Assessment

Methodology
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Project Goal

* Create a complete database of the
Weyburn Unit wells

> With enough wells to accurately represent the
entire well population in the Weyburn Area

> Where data can be easily mined

@ > Maximizing the use of the original Phase | A
Pruty database to capitalize on previous work



Essential Resources

GeoScout by geologic IHS Well Documents

Saskatchewan

. P&ﬂvlﬂ{,‘(‘ o, {

DEPARTMENT OF MINERAL RESOURCES

Petreleum & MNotural Gos Branch
Regino, Seshatchewon

y e Database containing

JSUBALYT 3 COPIES TO DEPARTMENT WITHIN 25 DAYS OF RIC BREACE) -
WELL NAME ANDNO. ... . ... bl 4 o o P
Locationa: Spudding Daie: Msy 11, 1957 | 1 DesthDriller. 4581 PBTD 457,!

25 a Latero~ -Ki 83!

tsd B 525 up b plh o w 2 M D Pt Doy May 37, 1957 | TR B g 438300

Type of Well (wildeat, ete.k Development . i

Contracter: Chaxt ex Drilling Date Rig Released May 26, 1957 Gel Bhow, 1856 s
- K B. Elev. 1907.50 fee

15% to 630" _ T

Hele o an - } 9" to 3105 Distance, K.B. to casing )
| 7 7/8" to usaLr : e n &

CASING

Size Wl ght Grade Amount Dupth Set Cement Plug Backs

10 3/k" OD 32,75 H=LO 611! 6231 425 saxs

5 1/e" 00 14.08 J=55 4569 581 200 saxs and 200

gals. cealment

GEOLOGICAL AND TEST DATA

Markers/Contacts K.B. Depth Subsca D:;l'.‘l\'_ Markers, Canmu? K B Depih Subsea Depth
eing 2783 - 8750 LA 1"
(lairmore 3024t -1116" - e
urassic 34430 -1535¢ ,
ed Beds 283" ==375"
lississippian (Charles) Liyfan ~25651 j
Hdale Limestone L5031 =25941 . ’Uﬁ
aee Midale limestone LT =26691

A5 7M1 NP0 (4700)

| protwciog zene: .., ... i T = i

S




Weyburn Areas Investigated
° Area A

> Yellow Square
Area

(683 wells)

e Phase |A

> Pink Area
(349 wells)

_——
@ e EnCana

i Injection Fields
> Represented in
, Colors

(1175 wells)

\\\\\\\
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Weyburn Areas Investigated Cont.

e Area B

> Consists of
multiple pools
in areas
surrounding
the Weyburn

' B J:l
Pocr reservor quaity | L]




Database Sample Size

* Experimental Sampling and Analysis

> Revealed a random sample of 80 Phase | A wells
experimentally represents the Area A and EnCana
Injection Area wells

> Results within acceptable (90-95%) experimental
o confidence and error (<6%)

@ > ~36 out of 80 will need to be completely added to

EEEEEE

s the already established database
m/@§ c How were these humbers determined!?



Choosing Database Sample Size

EnCana Injection Field
J 100 random S s (n=70) from Pha: a Field TVD 5% TVD E rror I nte rva|
Arﬁ\a tAVe\rea-g e Sdmp Mean Sample # Mean
1 5 2 1 Ogsm K 36 1506. 76 1543.3
. 8 7 1507.5 52 | 4 77 144510 1597 1 mKB
3 1467.9 28 1508.7 53 1526.5 78 84 ) .
100 random Samples (n=70) fro%gllzase 1A Database compaygogto Encanadzield TVD D6.6 79 1544.6
Sample# | Mean Sample # Mean Sample # Mean Sample # | Mean b8 5 80 1545.7
1 14665 26— 15063 51 1526.2 76— 15433 - :
2 fae78 {6 o7 | 1483454 3o 15284 7756 18543 4°P0.0 8l 15504
3 14679 |7 28| 1488437 323 15285 7857 154445B1.3 82 1552.2
4 14687 [8 29| 1490909.8 384 1526.8 7958  1544.45B1.5 83 1553.7
5 14717 [9 30 | 1498910.1 3%5 158619 8059 1545.15B1.8 84 1553.9
— € 14857 o 31| 14983107 | 586 19909 8lgo  155045p29 85 1554.8
7 12889 | 32 15125 27 1531.3 82 1552.3 dn o6 —
8 14901 33 19135 Bs el 83 1553.7°p> :
9 14902 |12 34| 14928141 329 1563473 8462 1553d5B3.2 87 1557.5
10 14902 |13 35| 1493®15.1 380 15389 8563  1554.45B3.7 88 1560.3
11 1491.6 [14 36| 1493%16.5 361 15332 8664 1556.1 5B5.9 89 1561.1
1Ea mwa 12 14928 |5 37| 14033173 | 482 15’?3).3 87¢5 15579564 5 | 99Y
G, o R el TR YT gl N N T B P oS E Y :
15 1493.9- 7 40| 1498195 /13 15384 9087 1561.3223'; EXPe rimental
16 14951 |18 41 | 149198 486 15398 9168 1563. .
G0 lioco |0 42| i4ommol | 47 | 158m9 || ooes  1567.45p85 Confidence at
18 1496.7 po 43 1498%20.8 488 15352 9370 1567.45B9.0 o
9 g by a4 eies | @ | 989 || % 1994k 9% sy | 27 ETTOC
21 14987 12— 26| soi'f 23.9 4?1 12%‘.’8 962 1578.?‘) >t0.9 & |584.7
22 1500.3 P3 a7 | 150984 ¢ 48, 152859 9773 15g47ofH3 98 1585.1
23 15005 P4 48 | 1509425 1 493 15425.8 9874 ___1585:4501.7 99 1595.4
aor, 24 1500.7 p5 49 | 1502925.6 504 158063 9975/ 15954 | % 100 1608.3
§ % 25 1504.1 50 1526.0 75 1542.7 100 1608.3
a oaen o



Original Microsoft Access Database

Create External Data Database Tools Datasheet
“E"'j & cut o - |11 -[EE= ,I@ = New Z Totals Al ‘ '¥7 Selection - 9 % [ﬁ a-. Replace
- 153 Copy = Save ? Spelling il ; EAd\ranced v ; i i = GoTow
Pajte J Format Painter B 1 U ”A 'HQ 'l|@'||_3 i &= E”abj ) P“zlflrlevm X Delete = EMore v e W Togagle Filter F?tlzlf-:ﬁj?n Wisr:‘élgcwhs' e by Select
» UWID . COMMONWELL ~| LICENSE -| SPUD - KB . GL -/ DD | DEVIATED -| DDATE ~
[ || |# 101011100614W200 PCP ET ALWEYBURN UNIT 101/01-11-006-14W2 37G007 13/07/1987 536.3 582.6 1465 v/ 27/01/|
| 101013500614W200 ECA ECOG ETAL WEYBURN U 2HZ 1A11-26-1A15-26-6-14  08C102 05/05,/2008 534.25 572.9 1964 4
# 101021300614W200 PCP ET ALWEYBURN UNIT 101/02-13-006-14 W2 570033 18/04/1957 583.4 530.4 1453.9 v 20/11/]
| 101041200614W200 PCP ET ALWEYBURN UNIT 101/04-12-006-14 W2 534045 28/01/1958 536.4 583.4 14615 V 19/06/{=
[ 101061200614W200 PCP ET AL WEYBURN UNIT 101/06-12-006-14 W2 38A018 14/01/1958 583.7 580.6 1456.9 v 04[04,"2!
101062500614W200 PCP ET ALWEYBURN UNIT 101/06-25-006-14 W2 57C093 17/05/1957 581.6 577.9 1418.2 V 21/05/;
101082300614W200 PCP ET ALWEYBURN UNIT 101/08-23-006-14 W2 57F097 22/06/1957 5813 577.6 1463 v 06/08/] |
101082500614W200 PCP ET AL WEYBURN UNIT 101/08-25-006-14 W2 57C073 11/05/1957 5816 578 1396.9 V 05/10/;
101101100614W200 PCP ET ALWEYBURN UNIT 101/10-11-006-14 W2 57K094 02/12/1957 586.7 583.1 1476.5 V
101102500614W201 PCP PCR ET AL WEYBURN UNIT RE 10-25-6-14 00A051 25/01/2000 582.2 573.2 1403.6 V
— 101121200614W200 PCP ET ALWEYBURN UNIT 101/12-12-006-14 W2 57F126 01/07/1957 584 580.3 1472.3 V 14/08/:
101123000613W200 PCP ET AL WEYBURN UNIT 101/12-30-006-13 W2 37E136 05/06/1957 379.1 5764 1424 v 30/08/:
Q % 101141800613W200 PCP ET AL WEYBURN UNIT 101/14-18-006-13 W2 57E071 19/05/1957 583.7 378.7 1456 V 15/07/:
E 101142400614W200 PCP ET AL WEYBURN UNIT 101/14-24-006-14 W2 571020 12/09/1957 579.4 575.8 1438.7 V 08/08/;
g 101142500614W200 PCP ET AL WEYBURN UNIT 101/14-25-006-14 W2 57E126 06/06/1957 5816 577.9 1402.1 v 21/02/;
wevasenmoae | B 101142600614W200 PCP ET AL WEYBURN UNIT 101/14-26-006-14 W2 56K052 20/11/1956 580 576.1 1406.7 V 29/01/:
OOz MONITOR NG -z% 102042300614W200 PCP ET AL WEYBURN UNIT 102/04-23-006-14 W2 00G223 10/08/2000 584.9 580 1455 v 31/07/;
111021100614W200 PCP ET ALWEYBURN UNIT 3HZ 5B13-2-187-11-6-14 94C026 28/08/1995 587.38 583.2 2471 H
111022300614W200 PCP ET ALWEYBURN UNIT 2HZ R-E D5-24-D15-14-6-14W2 93D072 21/08/1995 581.26 576.46 2323 H
111102600614W200 ECA ECOG ETAL WEYBRN UNIT 2HZ 1C14-25-3D8-26-6-14 (4B230 14/04/2004 583.6 578.3 2461 H
111151900613W200 ECA ECOG ETAL WEYBURN UNIT 2HZ 3A12-19-2B1-30-6-17 048231 30/04/2004 583.2 573 2261 H
112032300614W200 PCP ET ALWEYBURN UNIT 2HZ 2B9-23-283-23-6-14 93H087 29/07/1995 582 573.4 2264 4
121041300614W200 PCP PCR ETAL WEYBRN U INJ 2HZ 2D10-11-1B4-13-6-14  99K271 14/01/2000 587.3 582.48 2375 4
121041800613W200 ECA ECOG ETAL WYBRN UNIT RE 3HZ 4D8-13-4C4-18-6-13 05D224 29/05/2005 584.7 579.9 1965 H
121051100614W200 ECA ECOG ETAL WEYBURN UNIT 2HZ 4C10-11-4C4-11-6-14 05)238 28/11/2005 587.8 583.6 2426 4
121071300614W200 PCP ETAL WEYBURN UNIT 2HZ 4B13-12-187-13-6-14 93C066 26/11/2004 587.02 581.32 2591 H
121072700614W200 ALDON WEYBURN 2HZ 4D8-27-388-27-6-14 97C276 26/07/1997 584.9 580.9 1999 4
121081400614W200 PCP ET ALWEYBURN UNIT 121/08-14-006-14 W2 91E017 23/05/1991 585.3 581.4 1431 v 27/06/.
Record: 4 «[Lof80 | » M+ [ o |[Searc | [« w | ’




Current Weyburn Database

Table Relationships
e Linked tables to general well list data page

Relationship Tools | Relationships - Microsoft Access non-commercial use

Home Create External Data Database Tools
if’ X Clear Layout 1:::;1 'E:Hide Table B
= =) Relationship Report Ej Direct Relationships
Edit Show : ) ) Close
Relationships Table 33 All Relationships
BBl i pRes. E_BHAOPS E_BITOPS E_BITS E_CENT OPS E_CENTRIFG E_CMTSTAGE
UWD & i ¥ BAHC & ¥ BITOP & ¥ BISIC & ? CENT & ¥ CENTF & ¥ CMTSTA &
BREAK uwin— BITS II UWID UWID UWID ] UWID
: b . key ¥ [ vkl | &5 ey ¥ l key key GEN_CN
i~ y ———d R i ; - -
E_r‘u RMR... sTEsT = E_WELLIST E GEN_CMT
CMTRI S carreryy [ vy Puwp . ' GEN_CM] 4 E_CMTSLUR E_CMTADD
UWID ! UWID COMMONY uwip = W OCMTSLL & ¥ CMTAC &
i = v Y LICENSE CSGTVPE UWID
_—— — Status JOBTYPE GEN_Ch
) T | E_DAYFLDIN E_FANN E_GEM_AFE SPUD CONTRA( Y ~
UWID = UWID KB -
= '
¥ parrL ¥ GENA E_STIMWORK
: - : | UWD & i
EGENPLAN ff EGEN.STM 7 sTwol B smiwR
IlEA EHBE o UWID & UWID a SECIUEN ™ STMWO &
WEYBLURN-MIDALE £ - f 9 GEM §
COz: MONITOR ING & 9 GEN—Fv -
AnD BTORAGE PROJEDT g /’J K _---‘--. E_D}E_'[LY E_[:] FISU P.ﬂ
o — -
il HoToTEs E_LOGINT E_MUDCHE.. E_MUDINV v Bﬂ;m = Eﬁ? I[‘
E[ uwo 4 UWID & UWID & UWID| S LKEY ? opsuM
= (|| % HOT ? oG 1 ? mMubc ¥ mMupl y b4
K b k. ey
— ) S——— ) —
DATA E_PIPETAL ’ E_PUMP E_PUMPOPS
UWID & UWID & UWID & UWID &
% PIPEDA # PIPETA ? PUMP # PUMP
ypY PIPEDA ¥ e Y EURte ~
— P ¥ S S — [ 1]
_RIGS ’ E_RODSTRL.. E_SAFETY E_SHAKERS E_SH | E_SIDET!
vy OF UWID a UWD UWID a UWID a UWID a UWID a
Fog ‘e, % RIGSTI ? RODS ’ # SAFET # SHAKE # SHKRS '? SIDETF
= e} =
=3 n > onr ¥ our ¥ key ¥ sy ¥ o™ ey o Y
a OPPY &
2 T 4 E_SUMINTVL E SUMPOOL E_SURVEYS




Current Weyburn Database
Forms

* Forms were created which allow user friendly
data entry and interpretation

e Main Well Form contains general well data
with all other forms linked to it via UWID

* Allows access to all information at the “push
of a button”

EEEEEE

e PDF well documents and .LAS files are linked

to each well
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Current Weyburn Database

Forms Cont.

Microsoft Access non-commercial use

External Data

Database Tools

% Totals
== Save 7 Spelling
)( Delete ~ == More

Switch
1 Windows ~

Well Identification and Documentation | well Depth and Location | Well Status | Detailed Data

Forms = <«

Injection Details
LAS Files

[ (s

Log Detail Form

Tabs to more general
well information and
3 LEG 2 OF 2 - BOSS LEG - 1910302006 14W200 SUu bfo rms

-5| LogInterval Details Unique Well Idegla

Well ID

-5| Log Types & Depths

il

Tight Hole Group Access Identifier VOYAGEUR

ﬁ e e
-5| Perforated Testing: @
% Perforatio Commen Well Name | PCP PCR ET AL WEYBURN UNIT 2HZ 1D13-1-3A9-2-5-14 L s
5| Pipe Data Alternative Common Well Name | Drill Stem Tests: |
- Alternative Common Well ID |
Z] Pipe Tally
Company's Well Identifier |

. Alternative Legal Well Name | Completion Information: \

C h oose I I aln Field Name [ WEYBURN UNIT l@

Well Form in
Forms Menu

-5| Report Details
T Rig Details

% Rig Operations

Links to PDF Well
Documents

F= Rod String Details

-5| Safety Details

Record: 4 4 |290f30 | » M F | | Search |‘

‘ Powerpoint for Dr Ri... ‘ Random Sample Da... ficrosoft PowerPor... #® Microsoft Access no...

W VILIUSUIL AULESS i
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Current Weyburn Database
Data Mining with Queries

GAE9-C. -

]
@ Home Create

j = Drop Zones| ¥
1) Drill Buttons lﬁ

......

EBxternal Data

% Group

show ||

| view H Fiiesltd i85 Hide Details Details
Categories
of Cement
Purposes

PivotTable Tools

Database Tools Dresign

zl
: i AutoFilter

CEMENTCHECK - Microsoft Access non-commercial use

Query Pivot Table

|| & -
H V& show Top/Botf

i

SL_PURP ~
ABANDOMMENT
=

UwID » |Count of UWID

IIIUS L3000 I5WAOUTZ

191082600614W200 %

[]--- SL_PURP
[-[Z] 5L_DESC
-[Z] sL_TYPE

@[5 CMTSLURID

Add to Detail Data -

SURFACE_CASING UPDATE

UWID FOR PRODUCTION/AMNIECTION
well list

WELLLIST TRIAL

Weyburn Injection

‘Weyburn Production

191083000613W200%
191101100614W200*
191103000613W200*
191111200614W200*
191111300614W200
191112400614W200*
191113000613W200*
191130100614W200%
191131900613W200*
191132300614W200
191140700613W200*
191141200614W200*
191142600614W200*
191151100614W200*
191151800613W200*
191152300614W200*
191161400614W200*
192022000613W200*
192022300614W200*
192071900613W200*
192101400614W200*

+

Grand Total z

**This number must matche Cement Slurry

Cement Slurry ID: | 554 !

ID from Cement Detail Page
CMTADD ID: | 123309
UWID: | 101011100614 200

Cement Additive Details

Additive Used CACLZE
Additive Type :.,.::.::ELEF!_,.:,T.:;:.Fg_
T ACCELERATOR

DISPERSAMT
Amount of Additive Used FLUID LOSS COMTROL

LOST CIRCULATION PREVEMTION
ANTI - FOAMIMG AGEMT

ANTI - GAS MIGRATION AGEMT
BASIC CEMENT

BOMD IMPROVING/EXPANDING AGE
WEIGHTIMG AGENT

EXTEMDER.

FREE WATER. COMTR.OL
RETARDER

SPACER

FRICTIOMN RETARDER

LIGHT WEIGHT AGGREGATE

Additive Unit of Measurement

Concentration of Additive
Concentration Unit

Source of Additive Information

lotal humber ot
Surface Casings in

80 wells

lr = T :
\ :: | = ‘ Powerpoint for Dr Ri... ‘ Data Entry Tasks Microsoft PowerPor... @ Microsoft Access no...



Current Weyburn Database - Reports

* Reports can be created
° Directly from database
> From specific queries
* Data in reports can not be used in other data

rograms such as Excel
py P

S - Reports allow easy visualization of clearly
EEEEEE organized and presented data
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Current Weyburn Database

History of Reports
 Original Database

CEMENT_DETAILS_REPORT - Microsoft Access non-commercial use

External Data Database Tools

X Totals (: Selection

= Mew

% \?a fac Replace

= :
=3 Copy % Spelling V) Advanced - = GoTo~
View Paste I o Filter Size to Switch
- # Format Painter Bl o | s ¥ Toggle Filter || Fit Form Windows ~
i
Reports )| « -

abandoned rpt & **Assumptions**

ils R t | ' "
c t D t Adensity of 1900 kg/m3 was used for any non-specified Clazs G Cement.
Ahmad - General Well Data emen e al S epor Adensity of 1320 kg/m3 was used for any non-specified Lightweight Cements.

Annular area is constant and the casing is centered throughout the wellbore.
Ahmad - Hotnotes

Ahmad-Slurry Details

CEMEMT TOPS
101011100614W200 LICENSE #: 87G007
CEMEMT_DETAILS_REPORT
SPUD: 13/07/1987
cement_tops
CEMENTCHECK LEAD SHOE INTEGRITY - SURFACE CASING @ 180 mKB CMTSLUR ID: 554 mKB
E_GEN_CMT subreport Class "A" + 3% CaCl2
E_GEN_CMT subreportl Bore Hole Diameter 311 mm
Slurry Mass X 1000 1400 tonnes il i 219
E_GEM_CMT subreport2 . . ke/ ke/m3 EETELIIIEEr mm
Slurry Density 1869 m Average Annular Area 0.0383 m2
E_HOTMOTES subreport =
Calculated Slurry Volume 749 m3 Calculated Cement Base 180 mKB
field names & descript
GOCAD MARKERS ON Is Slurry Volume Directly O - Caleulated Cement { /00385 |
From Well File? Column Length - mKB
GOCAD OFF : 3
well File slurry Volume m
GOCAD ON Calculated Cement Top mKB 180.0mKB

IADC Dull Bit Grading

- - mKB
Kickoff Points LEAD SHOE INTEGRITY - SURFACE CASING @ 180 mKB CMTSLUR 1D 554
Class "A" + 3% CaCl2

i |

LAS Files N
Bore Hole Diameter 311 mm
production cement update Slurry Mass X 1000kg/ 1400 tonnes Casing Diameter 219 mm _
- ass"

Reportl Slurry Density 1869 kg/m3 Average Annular Area 0.0383 m2 3 12
surface cement update Calculated Slurry Volume 749 m3 Calculated Cement Base 180 mKB
uofa_caculated cement tops subr.., lculated [ / |

- - Cal Cement 7.49 f 0.0383

. Is Slurry Volume Directly
uofa_Formation Tops (from steve .., O
- P 7 From Well File? Column Length - mKB b1

leport View Mum Lock

::. = /~ ¥ " Random Sample Da... (€] Microsoft PowerPoi... /= Mail = Inbox - Wind... [ Microsoft Access no... < ¥ 1112AM



Current Weyburn Database
Future Work
 Complete Entry of all 80 wells

> Each well can take 40-80 hours depending on
information in well file

o Tasks are already created for data-entry in areas
including;
o Daily Operations
@ Perforations and Completion
S Bits and Bottom hole data
Casing and Mud Checks
Rer Formation and Production Data



EEEEEE

Data Requirements for Numerical
Model

* Theoretical Well Geometry

o Depth

o Bit Diameter

o Casing Diameter and Grade

o Eccentricity (Centralizer program, if available)
e Field Well Geometry

o Directional Survey

* Materials
o Formation
o Drilling Mud
> Casing

° Cement
e |n-Situ “Initial” Conditions
o Mechanical
o Hydraulic
o Thermal
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Geometry of Analysis “Slices”

QR H(Clel| LE AL FEQ o®Qt[4]-[e]Y

| BT E|Cl@le| LIE M [Fe o[®R[Q 1] 4[<[[¢[5]




EEEEEE

Simulation Stages 0 <

t<t

target

The simulation can be divided to the following main stages

which are;:

Initial stage,
Drilling stage,
Cementing stage,

Operation stage,

Abandonment stage, t

t=0
0 <t <t

primary cementing
t primary cementing <ts tIOO% cement hydration

tIOO% cement hydration <ts tAbandoned time
<t <st

abandoned target

These stages may be subdivided to more stages.



Example of subdivision in Stages

Stage 000
Stage 001
Stage 002
Stage 003
Stage 004
Stage 005

PR stage 006
@ Stage 007

EEEEEE

= Stage 008
Stage 009

Stage 010

Original state

Formation with drilling mud

Formation with casing and cementing

Casing and pre-wash circulations pressures
Cementing circulation pressures

Bumping the plug beginning of cement hydration
Removal of plug pressure at t = t?

Continued cemented hydration

Pressure increase due to casing bowl testing

Finish with setting up time for cement (hydrostatic
pressure in casing)

Begin either production or Injection well history



Well Modeling
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Current Weyburn Database

Future Work Cont.
* Add Programming Features

> Map displaying locations and links to all wells in
database

> Add .las reader file to visually interpret .las files

* Possible addition of more wells than original
g 80 chosen

w222 » Continued improvements to form layouts and
/§ data fields to improve database usability
%@m



Weyburn Well Integrity —

-~ Database
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Measuring and understanding CO, annular flows
in injection wells: experience from MovECBM
IEA-GHG 5% Wellbore Integrity Network Meeting, Calgary, 2009 May 13

Matteo Loizzo, Laure Deremble, Bruno Huet, Brice Lecampion, Daniel Quesada, Ines
Khalfallah — Schlumberger Carbon Services
Salvatore Lombardi, Aldo Annunziatellis — Universita di Roma "La Sapienza"
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Contents and goals

m This presentation will discuss evidence that supports past flow of CO,
through a pathway (casing-cement microannulus) in the cemented
annulus of the Kaniow MS-3 well

m First line of evidence: cement evaluation logs identify a fluid-filled
microannulus

— Mechanical models show how injection pressure could have been its cause

m Transport reaction models predict CO, flow to surface and carbonation
of cement

m Second line of evidence: soil gas surveys seem to indicate CO, flux at
surface

m Third line of evidence: changes in ultrasonic cement response are
consistent with the predicted pattern

Schlumberger Carbon Services e Schlumberger




Kaniow site — introduction

Om | m Enhanced Coal Bed Methane project started in
o | «<— 133/8"shoe—20m 2001
— Kaniow site, upper Silesian basin, Poland
9 5/8” shoe — 202 m . .
m Financed by European projects
o - RECOPOL and MovECBM
g ~  MovECBM finished in Dec 2008
m MS-3 injection well drilled in 2001
Concession Fault VAN
‘-\..5 area boundary Coal explﬂration 5
— U —
<—— Top perf.—1012m .

Source: Van Bergen et al., Env. Geosciences, 2006

Schlumberger Carbon Services - Schlumberger



CO, injection history

2004 Dec 2005 Mar

Original CBL log Firstlog Soil gas survey  Secondlog
l Intermittent injection Continuous injection l l l
2003 Jun 2003 Dec 2004 Jun 2004 Dec 2005 Jun 2005 Dec 2006 Jun 2006 Dec 2007 Jun 2007 Dec
3 20 ; ; ; 0.1
EN / | | |
o 8 I I I 008-----9----—-F--—q49-~- - - —
o w = — -
[
© ~ >
=] g 2
E o , a g
=3 [%] o
o <] 9]
% =
. , g 5
g

m ~/60 tof CO, injected over 330 days ERinins | -
— Initially intermittent injection D el Cwpeenrn
—  Wellhead pressure increased from 9 MPa to 14 MPa in Dec 2004

— Hydraulic fracture job in Apr 2005 to establish continuous injection
v" Successful: ~80% of CO, injected after stimulation

m  Soil gas survey in May 2007

m  Wireline cement logs on 2006 May 26 and 2007 Oct 20 (512 days time-lapse)
—  Original CBL log on 2003 Sep 12

Schlumberger Carbon Services - s Schiumberger




Microannulus — introduction

m  Microannulus — interfacial debonding
between casing/cement or
cement/formation
— Canbe 10's to 100's um thick
—  Fluid- or gas-filled

v" Heritage of ultrasonic logs — “gas-filled” are

opaque to ultrasounds due to the large
acoustic impedance contrast

— Cement/formation microannulus debated,
currently no quantitative measure

m CBL very sensitive to debonding
— Cement Bond Log — measures (only) bond

— Quantitative evaluation of microannulus (and
channels) requires joint runs with imaging
tools

Schlumberger Carbon Services

Source: J. Smolen, “Cased Hole and Productior
Log Evaluation”, Penn Well 2004

Adapted from A. Duguid et al., 2006



CBL amplitude (mV)
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First line of evidence — liquid-filled microannulus

Time-lapse CBL, amplitudes normalized to 63 mV free pipe Time-lapse CBL, histogram
707 ‘ I 0.02 : : T T '
| 2003 Sep 12 [ 2003 Sep 12
! 2006 May 26 0.018f — =~ =~~~ - - - - —f~ -~ H i 2006 May 26
777777777777777777777777777777777777777777777777777 b From log, FB=2 mV, deb.=45 mV
0.016 ~ -~ - -~ q----- -~ iy *H et From model, FB=3.6 mV, deb.=56.3 mV [
Free pipe=63 mV
> 0.012F - —————————— AU -
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — g
] | l Al | | |
| g 0.01 W A i i i
—————————a‘ ————— T e il S — E \ [ | | |
o 0.008 nrF-———""7"--r ﬂ*\‘*\ﬁﬁ***A*Jr ************* - ==t
[ [ Y f | | |
| ‘ 0.006 / Lo [ L | | |
| b - - I el e e Bl Bkl i e e il ik
207777777777‘ il 7"7 oW I T TR -1 v 77 T I\J [ “r\ \,*\\ | | |
| [ \ | | |
0.004 e - e e ]
B J f ‘ “ I N TR
i w w b u i Ii H w‘ | ‘ m‘ W\ i “ L PR |
M M “ HH ! \k | l I” M l l\ h\ h h 'm ' L\ “ ”\1'} \”‘ " Mﬂuw HM ” 0.002 A Lo WA\ | | i
r‘ \“ A o Y I s
o\ 0! / . . . P h Al el
0 200 400 600 800 1000 10° 10"
Depth (m) CBL amplitude (mV)

m CBL logs before and after injection show amplitude increase, mostly below 200 m

m Quantitative interpretation issues

— Firstlog calibration : 3 possible Free Pipe (FP) values above the Top of Cement

v Lowest (more pessimistic) value seems most likely: better histogram match, even if amplitude
decreases in 2006 below 1000 m

— Some uncertainty on Fully Bonded (FB) and Fully Debonded (FD) values
v" Logs suggest lower values than model — log values preferred
v Bond Index ~log(amplitude) — largest effect of uncertainties at low microannulus coverage
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Microannulus from CBL — quantitative analysis
o ———

Azimuthal cover of the microannulus, LPF at 6 m

[
2003 Sep 12, from log
2003 Sep 12, from model —

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

2006 May 26, from log
- - - 2006 May 26, from model —

,,,,,,,,,,,,,,,,,,,,,,,,,,

A AN B S ST
600
Depth (m)

m FP, FD and FB amplitudes — (pseudo)attenuation can be computed,
proportional to the microannulus azimuthal cover
— Increase in microannulus cover, especially above 1000 m
— Microannulus above 200 m roughly unchanged

m Attenuation-based tools require less guess-work

Schlumberger Carbon Services - s Schlumberger



Microannulus from CBL — comparison with IS

Microannulus annular cover, approximate extent from CBL and IS run in May 2006 and IS run in Oct 2007 Histogram of the microannulus azimuthal cover, 2006 May 26
1 0.04 T T T T
‘ [q I [ [ [
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| | |
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IS (Z<=4.5 MRayl)

01H-1--- IS (dZ/dg.>0)
CBL (log, FB=2 mV, deb.=45 mV)
] 1 1

0.2H- +

\ | |

\ | |

I | | | | | | | 0 T | | | Y |

100 200 300 400 500 600 700 800 900 1000 1100 0 01 02 03 04 05 06 07 08 09 1
Depth (m) Azimuthal cover

m Simplified processing can extract rough microannulus coverage from IS
— Low acoustic impedance, on assumption of good uniform cement
— Joint increase of Z and a between time-lapse logs, on assumption of full carbonation

m CBL more optimistic, but overall trend consistent (e.g. peak 250-450 m)
m Most microannulus cover between 20% and 50% of pipe (70° to 180°)

Schlumberger Carbon Services - Schlumberger
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Modeling microannulus formation

m Need to build a model of the system casing-cement-formation
—  Open-hole logs — Mechanical Earth Model (MEM)

— Estimate cement properties from UCA and composition a00]
v Cement evaluation logs may be affected by carbonation...

m Stressor: buoyancy-driven delamination of casing and cement
— Caused by injection pressure 600
— Radially symmetrical model

m |tis likely that the microannulus switched to the outside of the

300

500

Depth (m)

700

9 5/8" casing above the rat-hole (202 m)

—  Outer microannuli less stiff? S

— Above the 13 3/8" casing shoe (20 m) -
the CO, plume may have been dispersed s _ /= ] ool
in the vadose zone - [ 77777777777 ,,,,,,,,

1500
0

. . I I . ;

5 10 15 20 25 30
Time (days) 0 2 & 6
E (MPa), v5*10% 4 10*
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Modeling microannulus — comparing model with logs

T | T T — 1

m Mechanical models predict microannulus

pannulus coverage divided by average
1/M divided by average

width (w) as a function of casing and mie E——"

microannulus pressures L =N

~ W=, - HIMPp, = e —
m CBL measures azimuthal coverage = I

— Initial results suggest width and coverage are ( b ; —

correlated =

= 1/M (microannulus compliance) is OES=- —N oo

reasonably well correlated to microannulus § = = ===

coverage = ——

- R=0.363 = e~
m Cement-casing delamination during CO, |

injection (model) could be the cause of the ,,, ~———

fluid-filled microannulus measured by the =

cement evaluation tools (observation) e T w0
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Modeling CO, flow in the microannulus

B
m Boundary Conditions

Width of the defect 3 X 10"
~  Piecewise-constant injection pressure . | 2
v' Computed from surface pressure 150 = PA—— gl
~ Isothermal @ geothermal gradient =", | ‘
- Slngle HannUIUS %0 200 400 600 800 1000 0.2 . . . ) .
0 50 100 150 200 250 300

t[d]
CO2 flux as a function of time

v" Similar behavior for the possible 9 5/8" pannulus
m  Multiphase flow
— CO, saturates with water almost immediately
Coupling mechanics-flow

Qo [ton/y]

Reaction model calibrated on lab tests @7 S ——
Microannulus hydraulic resistance consistent with leak- i L FE SO R o e
off/injection behavior
— 2005 Feb 2-7 (days 180-186), intermittent injection — E o

Q=354 tly, Q =410 tly = |
— 2005 Apr 29-May 29 (days 266-296), continuous injection —

100 150 200 250 300

Q,=5.452 tly, Q,,=861 tly (16%) i

0 50
Schlumberger Carbon Services - s Schiumberger



Modeling CO, flow — cement carbonation

Computed carbonation thickness at log times vs. average annulus thickness

40
m Exposure to (wet) CO, causes cement to [ ryrem— A
- — — — 2006 May 26, hydrostatic pressure : : : :
Ca rbonate 35 2007 Oct 20, injection pressure ~ ~~ T~~~ ~~ TTT T oo T T
- — — — 2007 Oct 20, hydrostatic pressure | I | |
Average annular width, from caliper : : : :
1 | L e i B
1 1
|
|

— Portlandite Ca(OH), — calcite CaCO, + B 1=~ -
water |

—  Water production delays drying-out and
introduces transients (see next slide)

v" Calcite precipitation in the pannulus
neglected

m Carbonation layer progresses ~sqrt(t)
— Unknown pannulus pressure after the end %m0 a0 @0 40 50 &0 70 80 0 100

Depth (m)

Thickness (mm)

of injection (pressure dissipation) T ———— e L
v Injection pressure (t,) vs. hydrostatic (t,) . —
v Evolution of carbonated layer almost i°
independent from Initial Condition in pressure < |,
v More than half of the cement carbonated at

50 100 150 200 250 300

the time of the second log e )

— Sl

o

1
end of injection (years)

L 1 '
.5 2 25 3
f il



Modeling CO, flow — carbonation-related transient

CO2 flux as a function of time
1000

m Cement "sweats" reaction water during
carbonation
— Part of the CO, is captured by the cement

- Water Saturates the dry C02 ﬂOW, then CO2 flux as a function of time
condenses I

80}

(2]
o
(=)

Qo on]

N
o
o

N
o
=)

@

——

50 100 150 200 250 300

— Flow instabilities in the capillary pannulus
suggest multiphase “droplet” flow

From the reservoir
To the surface
Without Chemistry | |

60

Q o [ton/year]

— Water volume fraction drops near surface 40
(z~1000 m) because of rapid expansion of CO, 20—+
_ t [days]
B Water |n|t|a”y reduces ﬂowrate 0lzllolume fraction of water phase after 6 days
— Transient lasting ~1 week 03
=02

0.1
0 i i i i
0 890 1000
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Second line of evidence — soil gas survey

m 150 soil gas samples (CO,, light HC,
N,,He, O,) and the same number of
CO, flow measurements were taken
In the Kaniow area in May 2007

— The majority of measure points was
concentrated around the wells (MS-3
injection, MS-4 production)

m A subset of 47 sample points were
selected within a radius of 350 m from
the MS-3 well

Schlumberger Carbon Services - Schlumberger
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Solil gas survey — CO, concentration

m Concentration maps were sampled on 50 m-side cells
m Forevery 32,000 m? slice, the median value of its cells was chosen

m Anomalies in CO, concentrations (centre map) are aligned NNW,
along the line connecting the two wells and the local fault direction

— Anomalies in He concentration (right map) follow the same pattern and they
cannot be attributed to a biological origin

Schlumberger Carbon Services ~ e Schlumberger



Soil gas survey — CO, flux

m  CO, flux mapped using the same method
—  Subtracting the median background value
m Total flux computed — 584 tly
—  Very small amounts — <~20 g/m?/d

— Model predicts a peak flux out of the
microannulus of 860 t/y

— Global direction NW-SE, consistent with
concentration anomalies et

m The plume might have spread in the vadose [f./f = ~\s--
zone (above 13 3/8" shoe) and might have

been preferentially transported along
NWY/SE local faults

Schlumberger Carbon Services - Schlumberger



Third line of evidence — changing cement log response

Log of histogram of flex. attenuation vs. acoustic impedance, 2006 May 26
1.5 —_—— e

2.5

-3

1
35
- Em

-4

0 -4.5
0 2 4 6 8 0

Z (MRayl)

o (dB/cm)

1

Histogram of ¢, vs. Z for FP (6<d<15.5 m), 2006 May 26
0.9

0.8
0.7

0.6

a (MRayl)

0.5

0.4

0.3

2
Z (MRayl)
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0.02

-0.015

3 4

Log of histogram of flex. attenuation vs. acoustic impedance, 2007 Oct 20 Difference between histograms, 2007 Oct vs. 2006 May x 10°
15 2 E
-1.5
-3 =,
-0.5

ement, 100pm —» l
Bibonated Cem&t |

a (dB/cm)
Aa (dB/cm)

4 6
Z (MRayl)

8 10 2 4

AZ (MRayl)

6 8 10

Joint increase in Z and a in the cement pole for the whole-log histogram...

Histogram of o vs. Z for FP (6<d<15.5 m), 2007 Oct 20

0.9
0.8
0.015

1 2 3 4

Difference of histograms of o, \s. Z

0.02

o
=

o
)

a (MRayl)
o
[$;]

o (MRayl)

o
~

0.3

2
Z (MRayl)

...but little change in the 10 m of free pipe above the cement

Z (MRayl)



Cement changes — Z and a vs. depth
© I ——

AZVs. Z, and d, measured AZVs. Z, and d, model
6 2
Average microannulus, from CBL 2006 May 26
0.8
5.5 1 3 o0
- - Y
é‘ 6'>E\ g 0.6
=3 5 | 0 = % 0.5
N P g o4f
4.5 -1 g 03
£ 02
4 2 2 0.1 | | |
0 500 1000 0 500 1000 R e
Depth (m) Depth (m) Microannulus width computed from initial carbonation
® 160
Aol VS. ag and d, measured
0.9 1 Ao Vs. o and d, model o
0.9 0.2 =l |
o
0.8 1 =
. 0.8 ] 0.1 £ s . 10
‘\EJ g N - 80
o 0.7 =
) o 0.7 . -0
- <) 4.5 60
o
& 3
0.6 0.6 - 0.1 40
4 200 400 600 800 1000
Depth (m)
0.5 -0. 0.5 -0.2
0 500 1000 0 500 1000
Depth (m) Depth (m)

m Histogram of variations of acoustic impedance and flexural attenuation vs. depth,
observed (left) vs. model (right)
— pannulus computed from Z, (supposing known cement), behavior consistent with CBL
— Verylarge AZ and Aa at low values — contaminated cement + pannulus?
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Cement changes — Z and a vs. depth, details

Average AZ vs. depth for selected Z, ranges Average A, \s. depth for selected o, ranges

AZ (MRayl)

Aa (dB/cm)

Z,=5.0£0.2 MRayl, measure

0,(=0.70+0.04 dB/cm, measure d |
o :, __ Z,=5.4 0.2 MRayl, measured | u0=0.78 +0.04 dB/cm, measured
2,75.8 £0.2 MRayl, measured 015 il g~ T T 01,=0.86 0.04 dB/cm, measured |
—+— Z;=5.0 MRayl, model : : —+— 0,=0.70 dB/cm, model
—+— Z;=5.4 MRayl, model 02 00—t —+— a,4=0.78 dB/cm, model
—— Z;=5.8 MRayl, model : : —+— 0,,=0.86 dB/cm, model
| L T T T T | _0_25? 1 L L | L T T T T
400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Depth (m) Depth (m)

m Fairly good match at 5.8 MRayl and 0.86 dB/cm

—  Same variation, same period, similar phase
— Possibly no pathway above 202 m (9 5/8" casing shoe)

m  More complex behavior than the "simple" dZ/da already identified
—  Overlapping effect of cement contamination and accelerated carbonation?
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Open issues

m Microannulus
— Is azimuthal coverage really proportional to opening?

— Could the temperature drop during continuous injection have created the
microannulus?

v" Later debonding would reduce the total CO, flow to ~90 t
m Soil gas
— 1 year injection, then 2 years wait: how can the delay be properly explained?

m Changing cement log response

— Is carbonation the only explanation for the AZ and Aa behavior?
v" As opposed to AZ/Aa

Schumberger Carbon Services - Schlumberger



Conclusions

m Three separate lines of evidence seem to support that CO, flowed in the cemented
annulus of the MS-3 well up to surface during injection

— Flow happened through a casing-cement microannulus, likely created by the high injection
pressure

— About 190 t of CO, may have flown during the 330 days of injection

— Flow stopped at the end of injection; coal creep/swelling and CO, sorption effectively
sealed the well

m Technologies in the market or currently under development seem able to understand,
predict, monitor and control CO, flow through a microannulus

— In this case, transport/reaction models based on Navier-Stokes flow seem to be better
suited than those based on Darcy flow to capture the chemo-mechanical coupling

m  We wish to thank the European Commission for funding and support of the
RECOPOL and MovECBM projects
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What are CO, Zonal Isolation Concerns?

Interfaces
i ===

=
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What are CO, Zonal Isolation
Concerns?

» USDW is contaminated by CO, and unusable!

» CO, escapes the well and kills all life in the area!
» GHG increases causing more climate change!

» Life on Earth is imperiled!!!

True or False?

5t IEA Wellbore Integrity Network Meeting



In USA CO, EOR Operations:

FALSE = CO, Wells Leak & Endanger!
TRUE = Infrequent, Small Internal Leaks

are Contained & Don't Endanger!

Who Says So?

* Sporadic, Minor Leaks Inside Wells are Contained, Detected and Mitigated
* No Major External Leaks in +25 Years Since UIC Program Started
* APl "Summary of Carbon Dioxide Enhanced Oil Recovery (CO,EOR) Injection Well Technology"

» Regulators' Inspections, Reports, & CCS Rules:

 "There have been no documented cases of leakage from these projects (CO,EOR), nor has there
been release and surface accumulation of CO, such that asphyxiation would have been possible."
inserted from page 30 in EPA Proposed CCS Rules

» Consortiums' Old Well Samples Show CO, Contained in Annulus
» 3" Party Measurements Don't Find CO, in USDW above CO, Zones
» Research Explains "WHY NO LEAKS"

5t IEA Wellbore Integrity Network Meeting



CO, Pipelines and Flowlines for EOR

L0, to Canada
e =
Moh ket | TP e
Grast Plains :

coal gasifkcation plan i

| Seanh Dekntn

_ LlaBamge Viyoming L=
| -%/ - Mabrasks i

f Umh
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e
. Ridgeway OO, discav

L Rrirona

(Carmito, Mexico

European Energy Forum

»Cortez Pipelines (McEImo,etc), 504 miles, 1.3BCFD
»Sheep Mountain Pipeline, 408 miles, 480 MMCFD
»Bravo pipeline, 218 miles, 382 MMCFD

CO, injected: 655 million tons in last
37 years (average 17.7 million tons/yr)
equivalent to emissions from ~4 - 500
MW power plants/yr (average)

Data approved for release by Kinder Morgan 5-7-09
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Research Explains Why No CO, Leaks!

1836 - French Academy of Science finds cement seals CO, by thin carbonated layer
1800’s - Manufacturers say cement has excellent anti-corrosive properties for lining steel water lines

1964 - SPE 995, Runyan reports "Cement-Lined tubing is impervious to any normal oilfield water, including
very sour waters. Erosion due to high flow rates presents no problems."

1970 - SPE 2478, Beachet@, Gulf Qil, develops cement/flyash/sand lining for steel pipe that is "uniform, strong
and inert (to wet CO,)"

1973 - SPE 4667, Schrempeta, Chevron, tests cement-lined pipe in WAG supercritical CO, flow and reports “cement
linings showed no evidence of deterioration or separation from the pipe wall. There also was no indication of
stratification or spalling of the cement."

1977 - SPE 6391, Newtoneéta, Chevron SACROC's cement-lined pipe, "Although the CO, content of the produced
water has increased, no deterioration of the cement lining has been noted."

1986 - GRC article, Milestone®t @, Brookhaven National Lab, says that cement forms an "impermeable layer of
CaCO,......preventing further penetration of (wet CO,)"

2008 - GHGT-9 paper, Carey®td, LANL+NMT+BP, test cement in CO,-brine flow (41,000 pore-volumes), “The
Portland cement was carbonated to depths of 50-150 pm by a diffusion-dominated process. There was no
evidence of mass loss or erosion of the Portland cement."

2008 - GHGT-9 paper, Huertaeta! UT+NETL, used Hassler cells with confining pressure to test acid flow (simulated
CO,-brine) thru stress cracks in cement cores, "Cyclic loading of naturally fractured cement cores shows a
decrease of aperture size with increased confining stress, hysteresis in loading / unloading cycle, and strain-
hardening........ Degradation of cement by CO,-rich fluids coupled with decreasing reservoir fluid pressure
could render leaky wellbores self sealing.
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Test Cell Setup

SPE 121103

1”-dia x 2" long

Test conditions used: 2000 psi and 200F
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Samples After CO, Exposure up to 3 months

Portland-Fly Portland-Fly Ash

Conventional : ,
Ash -reg @low water/solid ratio

Portland

3 months

SPE 121103
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Effects of Carbonation

Brinell
hardness

SPE 121103
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Ways to Reduce CO, Penetration Depth

* Reduce Permeability

* Increase Lime (Portandite) content
- May not be practical in every scenario

Ways to Reduce CO,-induced Damage?

* Design cements with low % carbonation

» Seal 1-2" into borehole rock permeability
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Thermo-Gravimetry and Ca(OH), Content

SPE 121103

o
P
ik

o
n

o
=

Deriv. Weight, %/°C

el

T T T 4=H1|¥ . | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature, °C Temperature, °C
—1==2—3—4—5—6] | —7—8—9—10—11|

1- Neat Portland, 2- 16.7%, 3- 28.6%, 4- 37.5%, 5- 44.4% & 6- 50% Silica Fume
7- 16.7%, 8- 28.6%, 9- 37.5%, 10- 44.4% & 11- 50% Fly Ash

Ca(OH), content decreases with increasing either Silica or Fly Ash:
* Pozzolanic reaction
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Sample Halves after 15 days CO, treatment at 200F and 2000psi

. Silica
| Fume

Neat
Portland

16.7% 28.6% 37.5% 44.4%
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Estimation of CaCO, content after 15 Days

i

A Ca(OH), ' : : A Ca(OH),
® Total CaCO, ' : : ® Total CaCO,
¢ CaCoO, from C-8-H ¥ : : 4 CaCo, from C-S-H

30 40 ' | 20 30 40
Percent of Fly Ash Percent of Silica Fume
80.00 , . A 80.00 . . B
70.00@: - s, e A Ca(OH)2 70.00 : : A Ca(OH)2
. E 5 ® Total C4CO. i) TP e — o Total CacO,
\o 6000 ........................... ’ Ca(:()3 from C'S'H \o 6000_ ........... TS . ........ . CaCOS from C'S'H
0 [e) . : : =
- 5000 ............................... L a e e e - 50003__ ....................................... EEREE
-5_) FToXo ol T T DSy e -5_) 40.00F o e
D 3000 - i FTD 3000 - --ccmem e
= = :
2000_ ......................................................... 2000_ ........................................... O EERREE
1000_ ..................................................... 1000_ ........................................ ............
0.00 : : ; — 0.00 i ; ; : !
10 20 30 40 50 0 10 20 30 40 50
Percent of Silica Fume Percent of Fly Ash
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Hydration and Ca(OH), Formation

Water/cement = 0.5

Hydration = 0% 10% 60%

H -Capillary pores; @ — Ca(OH),; M- CSH,;

Jennings et al. J. Adv. Conc. Tech. 6 (2008) 5-29
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Reduce the Portland Content
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CO, -Induced Self-Healing/Sealing

<
£
3
[&]
©
2
5 2] CO, injection time .
T
2 15
O
1 *
0.5
L 2
0 . J

4:48:00 5:16:48 5:45:36 6:14:24 6:43:12 7:12:00 7:40:48 8:09:36 8:38:24 9:07:12 9:36:00

Time

Hassler Cell Core Test conditions:
BHST: 220F

CO, pressure: 500 psi (water std@RT)
Confined press: 2000psi

Duration: 2 hours
Initial Flow: ~3.4 std cc/min
Final Flow: non-detectable

Time to STOP flow ~6min
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Cement Options to Resist Acidic Conditions

» Epoxy-based Cements: pH<3

* EPA Class | wells
* Disposal of Strong Acids
 EPA Accepts for 10,000 years

> Chemical Gels for Sealing Formations
* Leak Remediation & Prevention
* Impair Rock Permeability 100%

ga'c_i“t”(”‘:A'gmiF‘a;\e _?/Steins  Block Fissures, Faults & Fractures
esIS arbonic AcCi pto . . . .
600F at pH<3  Field proven CO, resistant in EOR projects
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Follow Cementing Best Practices

 Mud displacement, long term sheath integrity, etc
* Best practices reported in API RP 65-2 & others by API/ISO

Rl .

=3 e e o T
- - oo

Improve
resiliency

100% mud
displacement

5t IEA Wellbore Integrity Network Meeting



Ready for Testing Protocol?

Thank You

Comments?

Questions?

5t IEA Wellbore Integrity Network Meeting
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CO, / Acid Gas
Injection Well
Conversion

Prepared for the 5™ Well Bore Integrity
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Agenda =
 Wellbore integrity
* Well design with annular integrity
« Well design without annular integrity
e Elastomers
e Coatings
e Threads
* Risk & Cost
« Best practices
e Conclusions
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. .
Well Bore Integrity ==

 The issue of cement integrity and bonding as well as
cap rock competency/ integrity are outside the scope of
this presentation and will therefore focus on the
conversion and repair of wells for injection !

m Ene rg}f rpsgroup/canada



. .
Well Bore Integrity ==

Well bore failures are either external or internal.

eExternal faillure could occur as a result of;

L eakage via cement channeling/ deteriation (poor
primary cement)

*External casing corrosion (incorrect cement
formulation)

*Casing thread leaks (wet CO, in reservoir)
Internal failure
*Packer leak
*Tubing leak
Corrosion (wet CO, in flow stream and or reservoir)

m Ene rg}f rpsgroup/canada



Design With Annular Integrity ==

Upper
Formation.

Internally Coated

Tubing — *This injection well example assumes that cement

guality and bond were acceptable, external casing
condition is good and is suitable for internal
conversion

Cap Rock.
On/ Off Tool

*The existing completion is pulled and the well is
prepped for conversion to injection by cleaning and
stimulating if necessary

*An injection packer is set high enough to facilitate
monitoring logging but must be kept within the
injection zone to provide annular pressure isolation
to the top of that zone

Injection Packer

Profile Nipple

Injection Res.

rpsgroup/canada

Energy



Original
Production
Casing

Upper

Formation.

Cap Rock.

Section Milled
& Under

Reamed
Section

Original
Production
Casing

Composite

Bridge Plug

v

Injection Res.

Existing

Perforations

Energy

Design Without Annular Integrity ==

*This example assumes that near well bore annular
communication/ channeling exists and must be
repaired outside the well bore but within the bore hole

*Existing production casing must be of fair or better
condition

*Previous failed completion to be removed and well
prepped for workover

«Set composite material bridge plug above the
perforations to isolate injection interval

«Section mill (remove) the production casing across
the upper section of the injection zone and past the
cap rock

*Under ream back to the original bore hole to expose
uncontaminated rock

rpsgroup/canada



Carbon Steel
Liner Hanger

Design Without Annular Integrity ==

*Run a conventional rotating liner hanger with

standard cementing float equipment
Carbon Steel

Liner Pipe Liner hanger and float equipment can be low alloy
carbon steel

CRA Liner *The liner pipe across the injection zone and into the

Pipe cap rock should be CRA (corrosion resistant alloy) to
prevent internal/ external corrosion and facilitate

Carbon Steel
Float
Equipment

setting of the injection packer thereby mitigating
internal corrosion as well

rpsgroup/canada

Energy



Design Without Annular Integrity ==

Displacement

Fluid (Mud) _ _ _
*Rotate the liner during cement displacement to
improve the cement bond with the pipe and bore hole
by reducing laminar flow

_ *Keep the liner well centralized to improve liner

C0, & Acid o

Gas concentricity within bore hole

Egiztr?tm *Use CO, and acid gas resistant cement

rpsgroup/canada
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Design Without Annular Integrity ==

Drill out excess cement from the production casing to

Drilled out top of liner

Liner

Drill out cement inside the liner and float equipment

*Pressure test the liner and cement job to confirm
integrity

*Drill to top of the composite bridge plug and circulate
clean

*Run under reamer and drill out the composite bridge
plug and clean to bottom.

«Stimulate the perforated interval if required

*Run cement integrity, tracer & temp logs to confirm
annular integrity

rpsgroup/canada

Energy



Design Without Annular Integrity ==

Liner Hanger
(simplified)

*Run the injection packer on wireline or work string
Internally Coated

Tubing «Set the packer near the bottom of the CRA casing

*Run the internally coated injection tubing and latch
onto the packer

On/ Off Tool *Pressure tested to confirm annular integrity and land
In the optimum (modeled) condition to minimize or

Injection Packer eliminate tubing cycling

Set Inside CRA

Liner Pipe

Profile Nipple %

Eﬂﬂrg}i’ rpsgroup/canada



Design Without Annular Integrity ==

Liner Hanger
(simplified)

*This example assumes the original production is poor
Internally Coated | to very poor condition and will not allow down hole

Tubing tools to be set
*The well is under reamed across the perforated
interval and the liner cemented accordingly
On/ Off Tool . i . . .
*Re-perforating and possible stimulation will be
Injection Packer requwed
Set Inside CRA | «Controlling fluid and cement losses will be difficult in
Liner Pipe , . . .
depleted reservoirs and may require creative
temporary plugging techniqgues to hold cement in

place while setting

Profile Nipple _ _
*Need to consider how those losses will affect the

_ _ Injectivity post workover
CRA Liner Pipe
Cemented To

Bottom

m Ene I’g}f rpsgroup/canada



This image shows an 8rd
thread and the Helix
seal formed at the crest
of the thread forming
the dope seal.

Eue Pin Thread

Energy

* API Connections
* Round thread type
» Buttress thread type

» Sealing relies on thread
compound/dope

 Examples; EUE, LTC, BTC

» Should not be used without additional

sealing aids for C0O, & Acid Gas
Injection

« Should not be used for casing
threads

PTFE insert
protects the bare
threads from
corrosion

Threads

MMS Coupling

rpsgroup/canada



Nippon Steel Threads ==
Connection for Tubing -

(NS-CT)

L Primary Torque Shoulder
L Metal to Metal Radial Seal

S e e -

Reserve Torgue Shoulder

[ ¥ Two-Step Pin Nose
4
|

Y e o * Premium connections
| » Metal to metal seal
\ E * Gas-tight, resistance to severe well
L conditions, expensive
; et  Manufactured outside API specification

« Examples; Vam, Hydril, Teneris, Hunting

EI"I'ETE}I" rpsgroup/canada



Tubing Coatings E

Commonly used anti corrosion coatings for tubing

« Coating types, phenolic, epoxy, urethane, nylon, fiberglass (GRE), HDPE & EXPE
e Thick film up to 25 — 30 mils

» Susceptible to damage from intervention

 Premium threads pose coating challenges

» Suppliers, Tuboscope, Bison, MasterKote & Rice Engineering

rpsgroup/canada




Tubing/ Coupling Protection

Corrosion Barrier Ring

Liner
Reference band Srout Elare

Rice Engineering “DUOLINE” EUE Connection With CB Ring

EﬂEfg}f rpsgroup/canada



. .
ENC Coatings ==

» Electroless nickel coating (ENC).

Has been used for coating downhole tools in CO, injection
applications since the mid 1980’s in West Texas

Has excellent performance in CO, injection applications & is
now being used in Acid Gas injection but too soon to determine
long term performance

Resistant to CO, & moderate H,S
Thickness ranges between .0001” and .003”
Surface hardness = 480 to 600 HV (resistant to erosion)
Cost iIs comparable to PFA & FEP coatings
An excellent alternative to CRA (corrosion
resistant alloys) in many applications
but not a replacement

e s
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[
Elastomers ==

*CO, has no chemical effect on elastomers but is easily compressed and
can lead to explosive decompression damage in seals

*HNBR was in part developed to combat the effects of CO, exposure by
offering better resistance to explosive decompression and to amine
corrosion inhibitors

*Exposure to higher H,S concentrations (>2%) tends to harden most
elastomers such as NBR & HNBR therefore materials such as TFE/P
(Aflas) are recommended for packer elements

FFKM materials such as Kalrez and Chemraz are well suited for acid gas
injection at all temperature ranges up to ~260°C(500°F)

*TFE/P (Aflas) is well suited for CO, but may be effected by the cool bottom
hole temperatures on shallow and high rate injection wells

*Use the highest possible Shore A Durometer (hardness) elastomer as
possible to minimize gas impregnation

m Ene rg}f rpsgroup/canada
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Elastomers ==

*Both test samples were 90 durometer HNBR material but different
blends from different vendors
«Autoclave Environment; 98% CO,, 2% H.,S, 60K ppm CI H20 for 40 hrs

Enﬂl’g}" rpsgroup/canada



Risk & Cost Matrix mm
___
CO0,/ Acid Gas Injection Well Risk & Cost Matrix
Injection Injection § Ability To | |Suitable For § Containment | | Containment | | Containment Time Cost
Is Out Of Rotate Use With | Confirmation | | Confirmation | | Confirmation @ Expected | Expected
Contained | | The Zone During Standard with RA w ith Temp Ultrasonic
Within Cementing Injection Tracer Log Survey Cement
The Zone Ops. Packer Imaging
Casing Size 177.8mm
Liner cemented across the injection 19D ABOK
zone, cap rock and upper formation ays | $
Liner cemented across the injection
zone, cap rock and upper formation 23 Days | $660K
with under reaming
Casing Size 139.7mm
Liner cemented across the injection 19D $450K
zone, cap rock and upper formation ays
Liner cemented across the injection
zone, cap rock and upper formation 23 Days | $670K
with under reaming
Casing Size 114.3mm
Liner cemented across the injection Under Under Under Under Under | Under
zone, cap rock and upper formation Review || Review Review Review Review Review | Review
Liner cemented across the injection Und Und Und Und
zone, cap rock and upper formation n _ er " _ er n _ er n _ er
. . Review Review Review | Review
with under reaming
Probability Of Success Legend Suitability Legend | Containment Confir. Legend
Fai SN
EI"I'EI'E}" rpsgroup/canada
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Best Practices

* Accurately determine the wellbore pressure/ temperature
changes and model the optimum state to land the tubing
In (tension where possible)

 Minimize (eliminate) the dynamic movement of down
hole tool seals to improve performance and life
expectancy of equipment

« Cement CRA casing joints across and well above the
storage formation for setting of tools and external
corrosion management

 Manage abrupt pressure changes to avoid explosive
decompression of elastomers

* Properly selected permanent packer will perform better
and out last retrievable packers and plugs

m Ene rg}f rpsgroup/canada



Conclusions

A well bore of a minimum size and most any condition
can be repaired and or converted for the purpose of CO,
& acid gas injection

 Depleted reservoirs may be difficult to effectively cement
(new or old wells)

« Better cement placement practices will yield better
results regardless of cement type

* Proper material selection can balance costs with
reliability & performance

* RIisk and cost increase as casing size decreases

m Ene rg}f rpsgroup/canada
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m Energy

Thank you

Questions?

Conclusions
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Wellbore

Removing formation
Removing drill fluids
Replacing with
Casing and Cementing
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Cement History

Bentonite Flyash
Silica Silicafume
Foams Zeolites
Latex Metakaolin
Beads
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Plaster
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Chemically Bonded
Phosphate Ceramics
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Development

ARGONNE NATIONAL LAB

Developed for

Nuclear waste containment
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Development

Argonne saw benefits In:
e Good mechanical properties
e Unleachable
e Does not degrade over time
e Neutral PH
e Incorporate organics
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What we saw

Benefits In:
e Good mechanical properties
e Does not degrade over time
e Quick setting
e Incorporate organics (OBM)
e Covalent internal bond
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Mechanic Properties
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Bond Testing

Bond tests between 20° C and 315° C are
Typically 3 — 5 times higher then Portland.
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Strength

e Most of the strength is obtained in
first few hours

e Slightly expanding

Ceramic vs Portland @ 20°C

[
O
o

a

N
o

—i

——

= Ceramic
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"

w
0

0.0 [@-E—¢

/

Compressive Strength MP
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Ceramic vs Portland @ 7° C
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Thickening time
example

120

100

80

60

Bc

40

20

1 %retarder

} 1 %retarder

0 10 20 30 40 50 60 70 80 90

Time minutes

32 Bc to 100 Bc in 2 minutes
Bearden units of consistency
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Other Properties

e Concentrated filter cake

e Compatible with most
common drilling fluids and
Portland cement

e Temperature independence
e Broad PH application
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AN

A <)
IEON/ANASEA RN 2T ATax

N
M N
\J

AV N ad

N

i

VLW VAAV=AN/)

\ |

L

Latex Permeability
Flyash
Porosity Fondue Silica
Portland Tension
Silicafume Solubility
Metakaolin Ceramics
Beads Fibers
Bentonite Zeolite
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Where have we been

~100 remedial jobs completed
e Gas migration

o Casing repair

 Water conformance

 Vent repairs

Thickening time extended (6 hrs)
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Where are ceramics going

Primary work
Thermal
Permafrost
Injection wells
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Do “YOU” have a
question?

CEMBLEND
SYSTEMS INC.
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Agenda =
 Wellbore integrity
* Well design with annular integrity
« Well design without annular integrity
e Elastomers
e Coatings
e Threads
* Risk & Cost
« Best practices
e Conclusions
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. .
Well Bore Integrity ==

 The issue of cement integrity and bonding as well as
cap rock competency/ integrity are outside the scope of
this presentation and will therefore focus on the
conversion and repair of wells for injection !

m Ene rg}f rpsgroup/canada



. .
Well Bore Integrity ==

Well bore failures are either external or internal.

eExternal faillure could occur as a result of;

L eakage via cement channeling/ deteriation (poor
primary cement)

*External casing corrosion (incorrect cement
formulation)

*Casing thread leaks (wet CO, in reservoir)
Internal failure
*Packer leak
*Tubing leak
Corrosion (wet CO, in flow stream and or reservoir)

m Ene rg}f rpsgroup/canada



Design With Annular Integrity ==

Upper
Formation.

Internally Coated

Tubing — *This injection well example assumes that cement

guality and bond were acceptable, external casing
condition is good and is suitable for internal
conversion

Cap Rock.
On/ Off Tool

*The existing completion is pulled and the well is
prepped for conversion to injection by cleaning and
stimulating if necessary

*An injection packer is set high enough to facilitate
monitoring logging but must be kept within the
injection zone to provide annular pressure isolation
to the top of that zone

Injection Packer

Profile Nipple

Injection Res.

rpsgroup/canada
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Original
Production
Casing

Upper

Formation.

Cap Rock.

Section Milled
& Under

Reamed
Section

Original
Production
Casing

Composite

Bridge Plug

v

Injection Res.

Existing

Perforations

Energy

Design Without Annular Integrity ==

*This example assumes that near well bore annular
communication/ channeling exists and must be
repaired outside the well bore but within the bore hole

*Existing production casing must be of fair or better
condition

*Previous failed completion to be removed and well
prepped for workover

«Set composite material bridge plug above the
perforations to isolate injection interval

«Section mill (remove) the production casing across
the upper section of the injection zone and past the
cap rock

*Under ream back to the original bore hole to expose
uncontaminated rock

rpsgroup/canada



Carbon Steel
Liner Hanger

Design Without Annular Integrity ==

*Run a conventional rotating liner hanger with

standard cementing float equipment
Carbon Steel

Liner Pipe Liner hanger and float equipment can be low alloy
carbon steel

CRA Liner *The liner pipe across the injection zone and into the

Pipe cap rock should be CRA (corrosion resistant alloy) to
prevent internal/ external corrosion and facilitate

Carbon Steel
Float
Equipment

setting of the injection packer thereby mitigating
internal corrosion as well

rpsgroup/canada
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Design Without Annular Integrity ==

Displacement

Fluid (Mud) _ _ _
*Rotate the liner during cement displacement to
improve the cement bond with the pipe and bore hole
by reducing laminar flow

_ *Keep the liner well centralized to improve liner

C0, & Acid o

Gas concentricity within bore hole

Egiztr?tm *Use CO, and acid gas resistant cement

rpsgroup/canada
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Design Without Annular Integrity ==

Drill out excess cement from the production casing to

Drilled out top of liner

Liner

Drill out cement inside the liner and float equipment

*Pressure test the liner and cement job to confirm
integrity

*Drill to top of the composite bridge plug and circulate
clean

*Run under reamer and drill out the composite bridge
plug and clean to bottom.

«Stimulate the perforated interval if required

*Run cement integrity, tracer & temp logs to confirm
annular integrity

rpsgroup/canada
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Design Without Annular Integrity ==

Liner Hanger
(simplified)

*Run the injection packer on wireline or work string
Internally Coated

Tubing «Set the packer near the bottom of the CRA casing

*Run the internally coated injection tubing and latch
onto the packer

On/ Off Tool *Pressure tested to confirm annular integrity and land
In the optimum (modeled) condition to minimize or

Injection Packer eliminate tubing cycling

Set Inside CRA

Liner Pipe

Profile Nipple %

Eﬂﬂrg}i’ rpsgroup/canada



Design Without Annular Integrity ==

Liner Hanger
(simplified)

*This example assumes the original production is poor
Internally Coated | to very poor condition and will not allow down hole

Tubing tools to be set
*The well is under reamed across the perforated
interval and the liner cemented accordingly
On/ Off Tool . i . . .
*Re-perforating and possible stimulation will be
Injection Packer requwed
Set Inside CRA | «Controlling fluid and cement losses will be difficult in
Liner Pipe , . . .
depleted reservoirs and may require creative
temporary plugging techniqgues to hold cement in

place while setting

Profile Nipple _ _
*Need to consider how those losses will affect the

_ _ Injectivity post workover
CRA Liner Pipe
Cemented To

Bottom

m Ene I’g}f rpsgroup/canada



This image shows an 8rd
thread and the Helix
seal formed at the crest
of the thread forming
the dope seal.

Eue Pin Thread

Energy

* API Connections
* Round thread type
» Buttress thread type

» Sealing relies on thread
compound/dope

 Examples; EUE, LTC, BTC

» Should not be used without additional

sealing aids for C0O, & Acid Gas
Injection

« Should not be used for casing
threads

PTFE insert
protects the bare
threads from
corrosion

Threads

MMS Coupling

rpsgroup/canada



Nippon Steel Threads ==
Connection for Tubing -

(NS-CT)

L Primary Torque Shoulder
L Metal to Metal Radial Seal

S e e -

Reserve Torgue Shoulder

[ ¥ Two-Step Pin Nose
4
|

Y e o * Premium connections
| » Metal to metal seal
\ E * Gas-tight, resistance to severe well
L conditions, expensive
; et  Manufactured outside API specification

« Examples; Vam, Hydril, Teneris, Hunting
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Tubing Coatings E

Commonly used anti corrosion coatings for tubing

« Coating types, phenolic, epoxy, urethane, nylon, fiberglass (GRE), HDPE & EXPE
e Thick film up to 25 — 30 mils

» Susceptible to damage from intervention

 Premium threads pose coating challenges

» Suppliers, Tuboscope, Bison, MasterKote & Rice Engineering

rpsgroup/canada




Tubing/ Coupling Protection

Corrosion Barrier Ring

Liner
Reference band Srout Elare

Rice Engineering “DUOLINE” EUE Connection With CB Ring
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. .
ENC Coatings ==

» Electroless nickel coating (ENC).

Has been used for coating downhole tools in CO, injection
applications since the mid 1980’s in West Texas

Has excellent performance in CO, injection applications & is
now being used in Acid Gas injection but too soon to determine
long term performance

Resistant to CO, & moderate H,S
Thickness ranges between .0001” and .003”
Surface hardness = 480 to 600 HV (resistant to erosion)
Cost iIs comparable to PFA & FEP coatings
An excellent alternative to CRA (corrosion
resistant alloys) in many applications
but not a replacement

e s

Enﬂl’g}" rpsgroup/canada



[
Elastomers ==

*CO, has no chemical effect on elastomers but is easily compressed and
can lead to explosive decompression damage in seals

*HNBR was in part developed to combat the effects of CO, exposure by
offering better resistance to explosive decompression and to amine
corrosion inhibitors

*Exposure to higher H,S concentrations (>2%) tends to harden most
elastomers such as NBR & HNBR therefore materials such as TFE/P
(Aflas) are recommended for packer elements

FFKM materials such as Kalrez and Chemraz are well suited for acid gas
injection at all temperature ranges up to ~260°C(500°F)

*TFE/P (Aflas) is well suited for CO, but may be effected by the cool bottom
hole temperatures on shallow and high rate injection wells

*Use the highest possible Shore A Durometer (hardness) elastomer as
possible to minimize gas impregnation

m Ene rg}f rpsgroup/canada
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Elastomers ==

*Both test samples were 90 durometer HNBR material but different
blends from different vendors
«Autoclave Environment; 98% CO,, 2% H.,S, 60K ppm CI H20 for 40 hrs

Enﬂl’g}" rpsgroup/canada



Risk & Cost Matrix mm
___
CO0,/ Acid Gas Injection Well Risk & Cost Matrix
Injection Injection § Ability To | |Suitable For § Containment | | Containment | | Containment Time Cost
Is Out Of Rotate Use With | Confirmation | | Confirmation | | Confirmation @ Expected | Expected
Contained | | The Zone During Standard with RA w ith Temp Ultrasonic
Within Cementing Injection Tracer Log Survey Cement
The Zone Ops. Packer Imaging
Casing Size 177.8mm
Liner cemented across the injection 19D ABOK
zone, cap rock and upper formation ays | $
Liner cemented across the injection
zone, cap rock and upper formation 23 Days | $660K
with under reaming
Casing Size 139.7mm
Liner cemented across the injection 19D $450K
zone, cap rock and upper formation ays
Liner cemented across the injection
zone, cap rock and upper formation 23 Days | $670K
with under reaming
Casing Size 114.3mm
Liner cemented across the injection Under Under Under Under Under | Under
zone, cap rock and upper formation Review || Review Review Review Review Review | Review
Liner cemented across the injection Und Und Und Und
zone, cap rock and upper formation n _ er " _ er n _ er n _ er
. . Review Review Review | Review
with under reaming
Probability Of Success Legend Suitability Legend | Containment Confir. Legend
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Simplified Version For Presentation Purposes



Best Practices

* Accurately determine the wellbore pressure/ temperature
changes and model the optimum state to land the tubing
In (tension where possible)

 Minimize (eliminate) the dynamic movement of down
hole tool seals to improve performance and life
expectancy of equipment

« Cement CRA casing joints across and well above the
storage formation for setting of tools and external
corrosion management

 Manage abrupt pressure changes to avoid explosive
decompression of elastomers

* Properly selected permanent packer will perform better
and out last retrievable packers and plugs

m Ene rg}f rpsgroup/canada



Conclusions

A well bore of a minimum size and most any condition
can be repaired and or converted for the purpose of CO,
& acid gas injection

 Depleted reservoirs may be difficult to effectively cement
(new or old wells)

« Better cement placement practices will yield better
results regardless of cement type

* Proper material selection can balance costs with
reliability & performance

* RIisk and cost increase as casing size decreases

m Ene rg}f rpsgroup/canada
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Thank you

Questions?

Conclusions
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A Convenient Truth

Creating Well Plugs to Contain CO,, and
Other Acid Gases

Homer L. Spencer, P.Eng.
Calgary, AB

Phone: (403) 616-5247
E-Mail: hlspencer@shaw.ca
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d Conbenient Truth
The Problem

JAlberta basin water slightly alkaline

.Stored CO, will drop the pH
.Injected CO, damages cement and steel



d Conbenient Truth
The Solution
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.Seal CO, storage wells with Bi:Sn

.Cast expanding alloy plugs in situ

.Seal resists >6000psig

JAlloy passivates

.Longevity In shut-in pH 3 brines >10,000
years



d Conbenient Truth
Why Bismuth:Tin Alloy?
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Bi:Sn alloy has the following remarkable
combination of properties that makes it ideal
for sealing wells against gas flow:

- Expands 1.4% by volume

- Can be squeezed and absorbed into permeable rock
- Fills small fissures very efficiently

- Components are non-toxic and environmentally safe

- Does not cause galvanic corrosion in contact with steel.



d Conbvenient Truth

&l513 seal Well Inc. |
Creating a Plug to Seal Wells in CO, Storage Projects, 1/4 i o R
Overburden
Figure 1:
4 Well with
Permeable Stratum a window
Cap Rock % milled
| 2 the
Injected CO, N .
Reservoir ) casing
o wall and
3 cement
_ \ Casing Cement sheath
Well Casing 5 Sheath




d Conbvenient Truth

¢l518 seal well Inc. |
Creating a Plug to Seal Wells in CO, StorageProjec ts, 2/4 i o R
Power Conductor Cable
Power — Electrical Heater Filled
Supply with Solid Fusible Alloy
Overburden Flgure 2:
Electrical
heater
Permeable Stratum and solid
Cap Rock & Plug fusible
alloy
Injected CO, 5 deployed
Reservoir into well
Well Casing ~ Casing Cement
) Sheath




d Conbvenient Truth

Creating a Plug to Seal Wells in CO, Storage Projects, 3/4

Power
Supply

Overburden

Permeable Stratum

Cap Rock

Injected CO,,
Reservoir

Well Casing —

Squeeze Pressure
Applied to Hydraulic Fill

-
3
L]

,}E\Casing Cement
) Sheath

Figure 3:

Alloy
melted by
heater to
form
sealing
plug.
Penetrates
permeable
stratum



d Conbvenient Truth
Creating a Plug to Seal Wells in CO, Storage Projects, 4/4
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Overburden
Solidified
Alloy Plug
Permeable Stratum |
Cap Rock Plug

Injected CO,, _
Reservoir %

b o A e T

N

* “Casing Cement
Sheath

g |
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Figure 4: Solidified alloy formed as a sealing plug



d Conbvenient Truth

The Silver Bullet

An impermeable plug formed
by squeezing alloy into water-
saturated 20 mD silica flour.

It withstood a pressure
differential of 2000 psi.



d Conbvenient Truth
Alloy Squeezing Test Apparatus

B 0 |
— ¥
C—

Thermocouple
Pressure Gauge

——
A:E;u Thermocouple
Pressure
QO %@ Transducer
0000
] I
% 0 Ball Valve

Pressure Transducer

|

Silica Pack

Proportional Release
Valve



4 Conbenient Truth _Liaii Chanl VAIA B I
Alloy Squeezing Test Data — i e

Pressure Difference

e Max Pressure
T ... DIOP ~2000 PSi

20 30 40
Time / Minutes

Pressure /

Temperature

200 - Alloy =
i Melting

Temperature / °C
o
=
Lis

Time / Minutes



d Conbvenient Truth
Galvanic Corrosion
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Question:

Does the presence of bismuth/tin alloy in carbon steel
well casing lead to troublesome galvanic corrosion?

Answer:

No, it does not.



d Conbvenient Truth
Chemical Corrosion

Question:

Does bismuth/tin alloy corrode in contact with CO, and
brine?

Answer:

No, it does not.



d Conbvenient Truth

7R

. F
SV N - PONRY VN T oy
Bismuth:Tin Alloy Corrosion =Flg|? Seal Well Inc. g

.Bismuth:tin alloys are cathodic to carbon steel
«The bismuth:tin alloy cannot corrode galvanically
. Tin dissolves in acid solutions and passivates in alkali solutions

Bismuth IS Immune to corrosion



d Conbvenient Truth
Bismuth:Tin Alloy Properties

Figure 5:

Back-Scattered SEM
Micrograph of Solid
Bi:Sn Eutectic Alloy

Black = Tin
White = Bismuth
Marker bar = 20pum



d Conbvenient Truth

Bismuth:Tin Alloy Properties

Figure 6:

w4t Tin percolation

g
%7

TN

s/l cluster

7
i3
J

Tin oxidation can result in a corrosion-immune pure bismuth
surface.



d Conbvenient Truth
Test in 7" OD Casing
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Figure 7:

This Bi:Sn alloy based plug
with only 2” of alloy contact
against the rusty casing
wall withstood a pressure
differential of 1500 psi.
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Deployment Equipment at Site




d Conbvenient Truth
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Heating Tool M i




d Conbenient Truth EJEL AR p -
Loading Heating Tool with Alloy Billets = TpEpT TS T T




d Conbvenient Truth
Monitoring Real Time Downhole Temperatures
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d Conbvenient Truth

Thank you for your
attention!

For further information, please
contact:

Homer Spencer
Seal Well Inc.

Phone: (403) 616-5247
E-Mail: hispencer@shaw.ca
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Experimental Assessment of
Brine and/or CO2 Leakage
Through Well Cements at

Reservoir Conditions

Dr. Brant Bennion
Hycal Energy Research Labs/Weatherford Labs
Dr. Stefan Bachu
ERCB
(Now With Alberta Research Council)
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Presentation Summary

e Context of the problem
e Experimental design

e Experimental Results

e Interpretation and implications
e Conclusions _E













The Issue

e Formations may have adequate sealing
caprock

e The caprock may be broached in multiple
(sometimes hundreds) of locations by
wellbores of varying age and completion
type

e Long term isolation of the formation due to

leakage through!these wellbores is a
major concern
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Poor Cement Bond
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Casing Corrosion
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CEMENT
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Cement Degradation

CASING
CEMENT

CASING




Program ODbjectives

e To quantify the in-situ permeabillity to CO'2
and CO, saturated brine at reservoir
conditions for typical class G well cement

e To evaluate permeability between typical
casing and class G cement with varying
degrees of cement and cement bond
Integrity present at reservoir conditions




Class G Cement Permeability

Measurements

Fressure Transducer

ement Sample

Fadial
Distribution——"7

Head | |

BFF
Coreholder \ l
[N 2 10% _ "
Gas ||Cac)? Flexible confining sleeve Precision
Gas Flow
M eter

[ | Injection Pump ‘




Test Conditions for Cement
Permeablility Measurements

e Temperature — 65 deg C

e Differential pressure across 5 cm cement
sample — 15,150 kPa

e Backpressure — 5000 kPa
e Confining stress — 25,000 kPa

e Brine — 1.5, 6 and 8 % NaCl solution
saturated with CO2 gas at 65 deg C and
20,150 kPag pressure
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Test Results

a.

0.00030
PPM
0 ppm
0.00025- —— 80000 ppm
=) _
£ 0.0002 Last 9 Days - Degassed
2 NanoDak @u {E@
o
O Q
+= (0.00015- <
= DIIINERGEENR
§ T § Forn,
C  0.0001- Last 9 Days - Degassed £ 0.00001 4 -_-. s
@ Brine at 20 Mpa Pressure v
& aVS
A
0.00005 +
D T T T T UDO'DD[H T T T T
0 20 40 60 80 100 0 20 40 80 80 100
Cumulative Time (days) Cumulative Time (days)



Cement-Casing Bonding Tests

Approx. T cim diameter
Class "G Cement Sheath

Teflan Inner Sleeye

Flexibile Lead Quter
Confining Sleeve




Fressure Transducer

_ Cement Sample
Fadial YWifith Cast

Distribution——"1 Internal Casing
Head Fod

Coreholder

10%
CaCIIJE Flexible confining sleeve Precision
Gas Flow

M eter

|| Injection Pump




Test Conditions WL“‘
e Diameter of composite — 7 cm | R
e Diameter cement sheath — approx 1.6 cm
e Length — approx. 10 cm

e Temperature — 60 deg C
e Pore pressure — 13780 kPag
e Confining pressure — 24100 kPag

e Fluid — supercritical ethane or CacCl,
saturated brine




Test #1 — ‘Perect Bond

= 2 pum  X5000 o : o . s 2um  X5000




Perfect Bond Test Results

Test Phase Displacing Fluid Measured Permeability
mpb

Initial Mitrogen Displacement Diry Mitragen
10% CalZl? Flood 10% CacCl?
Dense FPhase Ethane Supercritical Ethane

10% Calcl2 Flood 10% CaCl?




Poor Micro Annular Bond Test

Controlled Aperture
Annulus (Parrafin)

Approy. ¥ cm diameter
Zlass 'G' Cement Sheath

Teflon Innher Sleeve

Flexible Lead Quter
Confining Sleewve




Steel

20 pm

X600

;100 pm

X100



Poor Micro Annular Bond Test
Results

Test Phase Displacing Fluid Measured Permeability
mD

Initial Nitrogen Displacement Dry Nitrogen 120.43
10% CaCl2 Flood 10% CaCl2 0.241
Dense Phase Ethane Supercritical Ethane 0.533
10% CaCl2 Flood 10% CacCl2 0.079




Cracked Cement Annulus




B owm X000

1 to 5 Micron Diameter Cracks

10 pm

21000



Small Cracks Results

Test Fhase Displacing Fluid Measured Permeability

Initial Mitrogen Displacement Diry Mitrogen
10% CacCl? Flood 10% CaCl?
Dense Phase Ethane

10% CaClZ Flood 10% CaClz




| /100 to 500 Micron Cracks b

& S S S T 00 um X80



Large Cracks Test Results

Test Phase Displacing Fluid Measured Permeability
mD

Initial Nitrogen Displacement Dry Nitrogen 2897
10% CaCl2 Flood 10% CaCl2 1.56
Dense Phase Ethane Supercritical Ethane 0.905
10% CaCl2 Flood 10% CacCl2 0.725




Type Average Aperture Average Average Crack Average Flow
of Annular Gap Crack Length Across Area (sz)
(cm) Aperture (cm) Sample (cm)

Perfect Bond 0 0 0 0

Small Annular 0 0 0.019685
Gap

Small Cracks 4.2 0.015996
and Annular
Gap

Large Cracks _ 0.101474
and Annular
Gap

* The circumference of the annular gap is 11.93 cm




Comparison of Effect Phase Permeability vs.
Original Open Area

-

¢ Kn2
m KCaCl2
KC2
— Linear (Kn2)
Linear (KC2)
—— Linear (KCaCl2)
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More Detalls

e ‘Experimental Assessment of Brine and/or
CO2 Leakage Through Well Cements at
Reservoir Conditions’, To be Published In
The International Journal of Greenhouse
Gas Control (In proof, available online at
www.sciencedirect.com)




Conclusions




Conclusions

e Good quality class G cement without fractures
appears to provide a good barrier to CO2 (in the
shorter term periods evaluated in this work)

Good bonding of typical J55 metal casing to
class G cement was observed which appeared
to have very low permeabillity

e The presence of micro cracks or a micro annulus
severely degraded the ability of the
cement/casing pair to restrict the motion of
supercritical gas with several orders of
magnitude increase in permeabllity observed




Conclusions

e Hydration of the cement during testing resulted
In a non linear relationship between fracture size
and effective permeabillity to liquids and
supercritical gases after liquid flow

The results suggest that mechanical issues
associated with cement and casing integrity may
represent the greatest challenge to CO2
sequestration in wells containing existing
wellbores, particularly multiple older existing
wellbores




Thank You for Your
Attention




Impact of CO, on neat class G
cement

IEAGHG Wellbore Integrity Network, 13th-14th May 2009

Francois Rodot, André Garnier
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Introduction

P CO, storage and well integrity issues

P CO, experiments run in 2004 / 2005 after
feasibility study with NH,NO, (ammonium nitrate)

» To validate degradation procedures
= To validate analysis setups

P The objective was to degrade class G cement
sample in the presence of CO,

4 May 2009




Introduction: leak factors in a cement job

P No cement (did not set). Can be caused by contamination by mud, or cement
quality, or cross-flow while cementing

P Cement placement during primary cementing: mud displacement incomplete due
to rheology, hole diameter (wash out), casing centralisation.

P Cement quality: free water in deviated wells, gas percolation while setting, mud
contamination

P Microannulus (cement sheath mechanical problem)

P Chemical attacks classically only mitigated by the use of HSR cement (High
Sulfate Resistant): IS THERE A PROBLEM WITH CO2??

<«—Free water

Percolation

Micro-annulus

27 Rheology - centralisation @

ToTAL



Objectives of this study

P Assess the phenomenology of neat class G cement
degradation in the presence of CO,
= = Static tests: pCO, = 10-80 bar, 90°C (194°F)

P Assess kinetics of class G cement degradation in the presence
of CO,
= =>» Static tests: pCO, = 10-80 bar, 90°C

P Assess the impact of CO, on transport and mechanical
properties of class G cement
= =>» Static tests: pCO, = 10-80 bar, 90°C
= =>» Coupled tests: pCO, = 10-100 bar, 90°C, hydrostatic and deviatoric stress

~,

6 May 2009 ToTAL



Static tests — CO,-rich water — The principles

7 May 2009

Class G Portland cement cylinders (cured
during 5 weeks @ 90°C & atm pressure)

= Dimensions: 36 x 100 mm

Initial conditions

= Samples immerged in CO,-rich water
(water in contact with CO, gas)

= 90°C
= CO, gas pressure in the cell : 10 bar

Cement sampling

= 7 days (1 week)

= 30 days (1 month)

= 75 days (2.5 months)
= 150 days (5 months)

Characterization

= Mechanics : Brazilian tensile test (Rt)
= Chemistry

CO,: 10 bar
Distilled water
Cement samples

Heated cell: 90°C

10,000

1,000 supercritical

fluid

100

Pressure (bar)

90°C
K |10 bar

1
1
1
1
1
: , @
-713 -23 26 76 127

ToTAaL
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Static tests — CO,-rich water — Picture of experimental
devices

Experimental devices
CO,cylinders containing samples

8 May 2009 ToTAL



Static tests — CO,-rich water — Phenolphthalein test (1)

30 days in CO,, 75 days in CO,,
then 4 months in air  then 75 days in air

P Very little carbonation due to CO,-
rich water: <1 mm

P Faster carbonation when exposed
to air after static test: up to 4 mm
in 4 months

Surface exposed to Surface exposed to
air after Brazilian test CO, during static test

9 May 2009 ToTAL



Static tests — CO,-rich water — Phenolphthalein test (2)

Sample after 5 months of exposure to CO,-rich water: no
visible evidence of carbonation

Phenolphthalein test on a fresh fracture after exposure to CO, @

10 May 2009 ToTAL



Static tests — CO,-rich water — Thin carbonated zones

p———1mm 73

1 week )
exposure to
CoO,

5 months
exposure to
Cco,

11 May 2009



Static tests — CO,-rich water — Chemical composition
after 5 months

Sampling for chemical analysis _
Evolution after CO, exposure —

__ a:exposed to CO, Qualitative comparison
et < 1.3 mm thick — ,
i . Relative intensity
n N Minerals "
3 ™ b: 1.3 < thickness < 4.3 mm 2 ¢
' Portlandite ++ +++ Inside +++
B N Calcite ++ t of +
s 1 .
B c: exposed to air CO, content
E EEE' > 4 mm thick (associe_ated to | 5.6% | 3.0% sample 3.3%
W calcite)
> slll /
S
% +++ : high intensity; ++ : average intensity; + : low intensity
/ \ / p : present; t:traces; - : not detected

P Formation of calcite at the expense of Portlandite during CO,
exposure

12 May 2009 ToTAL



Static tests — CO,-rich water — Brazilian tensile test
after CO, exposure

CO,rich water : pCO, =10 bar
Temperature = 90°C
Exposure : from 1 week to 5 months

P No significative change in strength (22-37 bar tensile strength)

13 May 2009 ToTAL



Static tests — Supercritical CO, — The principles

1st test Supercritical test
10 bar, 90°C 80 bar, 90°C

10,000

1,000 supercritical

fluid

- k | 80bar

Supercritical test

100

Pressure (bar)

Water-saturated

scCO, 10 10 bar

CO,-saturated
water !

-73 -23 26 76

1
Temperature (°C) 90°C

27

P 3 weeks exposure to:

= Wet supercritical CO, (top of cell)
= CO,-rich water (bottom of cell)

P Similar procedure than previous tests, but greater CO,
pressure - Supercritical CO,

14 May 2009
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Static tests — Supercritical CO, — Carbonated zones

In scCO, 80 bar, 90°C In water

Alteration Alteration
< 1 mm =2-3mm

1 : high CaCO; content
2 : altered porous zone
3 : unaltered cement

P Faster carbonation with supercritical CO, (higher gas pressure)

P Faster carbonation when exposed to CO,-rich water (compared to scCO,) @

15 May 2009 TOTAL



Static tests — Supercritical CO, — Chemical composition
80 bar, 90°C

In scCO,

In water

Relative intensity

Relative intensity

Minerals Minerals
a b C a b C
Thickness from Thickness from
surface [mm] 0 -1 1-2 2-3 surface [mm] 0-1 1-2 2-3
Portlandite ++ +++ +++ Portlandite ++ +++ +++
Exposed to . Exposed to .
co, Calcite ++ - - water Calcite ++ t -
Aragonite t - - Aragonite + - -

+++ : high intensity; ++ : average intensity; + : low intensity
p : present, t : traces, - : not detected,

P Deeper carbonation front when degraded in the presence of water
Lower Portlandite content
Greater carbonate content

16 May 2009
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Coupled “chemo-mechanical” tests — The principles

P Objectives:

= Assess the impact of CO, degradation on the mechanical behavior of cement, and on the
permeability values

P Conditions for the 5 tests:
= Temperature : 90°C
= [|nitially saturated samples (with unreactive aqueous fluid)
= Samples under stress

P Three tests with CO,-rich water:
= PCO, =10/25 bar

P Two tests with SC CO,, dry and wet
= PCO, =85-110 bar

17 May 2009 ToTAL



Coupled “chemo-mechanical” tests — The triaxial cell

18 May 2009

! 1 Axial loading

T =90°C
W i A w
% e %
% %
% Fluids: - un reactive water
% '

- CO, rich fluid

-----------------

R

' Confining pressure

o

ToTAL



Coupled “chemo-mechanical” tests — CO,-rich water

— Loading path

60

50

40

Pressure [bar]

20

10

19

Stress

—_
fu
1]

O

=
[
s
>
w
[
@
—

[«

10,000

1,000

100

30 |

Time

Hydrostatic stress
May 2009 30 bar

Deviatoric stress
o, =60 bar - 63 = 30 bar

supercritical
fluid

(@)

4
gas ; 5 bar

-73 -23 26 76 127

Temperature (°C)
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Coupled “chemo-mechanical” tests — CO,-rich water

Hydrostatic stress

Deviatoric stress

T -80

N
o
oS

20

TO

T -20

T 40

-60

Volume (cm3)

T -120

T -140

T -160

0;=60bar
Perm :
rom—1,9.10-18m?
05 = 30 bar
- Pi = 25 bar
Perm: . INjECtEd
182 volume
1,6.10""°m Clogging
0 2 4 6 é 1'0 1'2 y
Time (dav)
\ L

|
Distilled water injection

[
CO,-rich water

P No evolution of strain with the injection of CO,-rich water
= Evolution of strain because of stress change (increase of g,)

ou00 P Clogging of cement during CO2-rich water injection

-180

ToTAaL



Coupled “chemo-mechanical” tests — Wet
supercritical CO, — Loading path ~ »e

1,000 supercritical

100

Pressure (bar)

90°C

120 10 o= 100 br
Stress i
1 1 T
100 -73 -23 26 76 127
Temperature (°C)
— 80
S
=2
()
§ 60
o
a
40
20
0
Time
Hydrostatic stress Hydrostatic stress @

21 May 2009ay 2009 25 bar 110 bar ToTAL



Coupled “chemo-mechanical” tests — Wet

supercritical CO,

14 -

Pression (MPa)

22 May 2009

12 5

10 A

erm
)-19 mz

Hydrostatic stress

CO, :/clog

=

RPN

Moo A oy i

LA L,

° Time (day) °

Distilled water injection

Y
Wet scCO2

P No evolution of strain with the injection of wet scCO,
P Clogging of cement during wet scCO, injection

+-10

1 20

1

i
w
o

|

1
5~
o

1 -50

- -60

o, =110 bar
Pin = 100 bar

Pout = 80 bar

Volume (cm3)

Injected volume

p’=0,-Pi=10 bar

-70

q=0,-05=0 bar
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Permeability values - Synthesis

Fluid K w/water Kw/CO2 Final w/ CO2 Stress
10"® m? 10"® m?
CO2 in water 1 1,6 Not measurable Plugging Deviatoric
CO2 in water 2 0,05 0,02 Plugging Deviatoric
CO2 in water 3 1,95 0,28 Plugging Isotropic
Dry SC CO2 1,14 Not measurable Plugging Deviatoric
Wet SC CO2 0,3 Not measurable Plugging Isotropic
P Significant decrease of permeability values during CO,
rich fluid injection
1mD = 10-1° m?

= =» Clogging of cement porosity - un measurable permeability

values

23 May 2009
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Mechanical strength

P No additional deformation associated to CO, rich water injection
during the experiment

P No evolution of cement mechanical properties

24 May 2009 ToTAL



Chemical impact

1st test 2nd test

Exposed 2.5 months <

> Exposed to 1 week air
to air after tests

after tests

Surface exposed to CO,
during injection

CO,-rich water
injection

P Low carbonation at injection surface
= Sample carbonation is due to air exposure after test @

25 May 2009 TOTAL



Conclusions

P Improvements achieved in experimental procedures and
samples characterization

= Development of detailed procedure and quality controls

P Degradation in the presence of CO,-saturated water leads to
deepest carbonation = 3 mm after 5 months

= Similar degradation after 1 week and 5 months

P No mechanical properties degradation with injection of CO,-
rich fluids

P Plugging of cement samples with CO,-rich fluid injection

26 May 2009 ToTAL



D Questions?

27 May 2009 ToTAL



SPARES

ToTAL



Phenolphthalein test

P Phenolphthalein is a colour indicator

= Color evolves with pH
» Greater that 10 : pink colour due to Ca OH (OH-) = Portlandite = cement not carbonated
» Lower than 8.2 : no colour = no Ca OH

High pH value :
no degradation

Low pH value :
possibly associated
to carbonation

29 May 2009



Static tests — CO,-rich water — Thin carbonated zones

1 compact surface
2 Portlandite in air bubble
3 matrix

2 matrix

1compact surface

2matrix porosity
3 clinker grain

4CaCO; deposits

A Tt B e S B 3 Unaltered cement Carbonated

Cco,

1 compact surface
2 Portlandite in air bubble
3 matrix

5 months
exposure to
Cco,

30 May 2009
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« - Strain with injection of CO,-rich water : Ag1 = 1.5x10®
« - Clogging of cement during CO.-rich water injection

1mD = 10-1° m?
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Picture of the cell for static test with 80 bar of CO,
pressure

33 May 2009 ToTAL



Picture of the cell for coupled tests
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Schematic of coupled test setup
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Test 1: strain during increase of deviatoric stress

essai couplé - ciment 01

10
8 m
—3S1
—E1
—Q
—S3
6 e
g
=
4 m
— - . W
2 i
0 1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ T ‘ ‘ ‘ ‘ T ‘ ‘ ‘ ‘ T T
380 400 420 440 460 480 500
tps (heures)
Young modulus during deviatoric phase : E = 1.1 GPa
36 May 2009
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Coupled “chemo-mechanical” tests

P Conditions:
» Temperature : 90°C
= |nitially saturated samples (with un-reactive aqueous fluid)

P Procedure

» Hydrostatic stress :

Preliminary test : S1 =83 = 20 MPa
Test1:S1=S83=3MPa
Test2:S1=S83=3MPa

Injection of non reactive aqueous fluid

Preliminary test : Pf = 10 MPa
Test1&2Pi=2.5MPa

= Deviatoric stress:

Preliminary test : S1 = 35 MPa, S3 = 20 MPa
Test1: Dev =3 MPa

Test 2 : Dev =9 MPa

Test3:n/a

» |njection of non reactive fluid
= injection of CO,-rich fluid

Test1 & 2 Pi=2.5MPa (PCO2 = 1 MPa)
Test 3 : Pi=3.5MPa, Ps =1 Mpa (AP = 2.5 MPa)

» Stress decrease

37 May 2009
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Simulating leakage through well cement:
coupled reactive flow in a micro-annulus

Laure Deremble, Bruno Huet, Brice Lecampion, Matteo Loizzo
Schlumberger Carbon Services
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Context of Gas leaks:

m Field evidence...
—  Surface Casing Vent Flow (SCVF)

—  (Gas migration (GM)

m ....Explained by gas flow through defects o WelCasing |-
—  Microannulus (inner, outer) = |
—  Mud channels Fomation af | |
—  Cracks (?) oy (E

o K
A\'i g

m Existing models of gas leaks based on ....

—  Equivalent permeability (i.e. upscaled properties and no defect)
v’ Stochastic model (LANL, PU)
v Full reactive transport model (TOUGHREACT , FLOTRAN, HYTEC)

m ...do not address the actual physics of leak dynamic:
— 102m high defect  vs 102 m thick cement sheath
—  Nature of defects: micro-annulus, channels From Celia et al. (2004)
— No local equilibrium between annular fluid and cement sheath
—  Opening/closing of defects

Schlumberger Carbon Services s Schiumberger



Integration: mechanics, flow, chemistry

©—
m  Mechanisms considered for opening (®) or closing (©) of pannulus: — SZ[‘Q,th

BN Silica Gel
e —  Mechanics: |
. v’ Fracturing / debonding of defects
v Pressurization of defect

® @

—  Cement:

v' Cement hydrates carbonation
Calcium leaching
Gel erosion and deposition
Drying shrinkage
Crystallization pressure of calcite

ey ot - i A
L A e R S e AT Y

HE e
T e R e

i

RS
© 0O
©

¥,
A
“.l
:
.
;

s
e Al

— uannulus reactive flow:
v' Water condensation
v CO, bubbling
v Calcite precipitation and deposition
v Phase change / heat effects

®» O OO
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Building a fast wellbore leakage model

N —
m  Modeling strategy:
—  Simplified model for each of relevant mechanism = Modules
— Smart integration of modules (based on dimensional analysis) = Decoupling
—  Explicit identification of the pathways
— Module validation against experiments

m Governing equations

—  Mechanics:
v Annulus width (w): W= %A(pma—H P.)
— Annular chemistry:
v" Mass balance: z5 = v, f,X)
. T . . J
v Chemical equilibrium constraint: uo= Svem
— Cement: n
v Front tracking: d_tj = f(L,D,cMc”) and Q = g(Lo, Dy Y
— Annular flow (isothermal, T=f(z)=cst) , W
. P— _V(pV) and V = —vp
v" Pressure: 8azt P
v' Composition: L = —V(pX,V - pDevX;) + Q

ot
Schlumberger Carbon Services - Schiumberger



Scenarios

m Case 1. Cement reactivity in CO, rich environment
— CO, saturated brine and open system
— CO, liquid phase and closed system

m Case 2: CO, rich phase annular flow
— Flow + mechanics
— Flow + mechanics + cement reactivity

m Case 3: CO, saturated brine annular flow
— Flow + mechanics
— Flow + mechanics + cement reactivity

Schlumberger Carbon Services - Schiumberger



Case 1 - Rapid Cement Degradation Model = RCDM

m RCDM = Simplified model for Portland cement / CO, interactions

Reactor experiments RCDM Portland Cement
: e

-, : » Dissolved Co2 i 2
Open system + CO, Closed system + CO, rich
saturated brine phase _
(Duguid et al.) (Rimmele et al.) Reaction fronts

m  Comparison with experiments
v' experiment of 1 year = simulation of 1 second (with a standard laptop)

1 - — -
0sll -RCDM ] = — —
=0 S Jroreo |
0.6 ”," ———————
E0S| s
;04 ,/;,‘ °o s',
o >
0.2 b’eé‘ e R 2 'i
I’-‘ ————— 33(_;-0 o o E | | |
Duguid et al. Time [days] o
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Case 2 — CO, rich phase annular flow

m  Annular flow and mechanics:

— Initial / boundary conditions:
v Top of defect:
¢ z=1000m, Pt=1bar, T=10°C
v In defect:
«  geothermal gradient, wy, = 0 um
v Bottom of defect:
e  z=0m, Pt=150bar, T=42°C, dry liquid CO,

m Results:
— Opening of annulus

Width of the defect
250 . .

200
T 150
3.

< 100

50

0
0 200 400 600 800 1000

z[m]

Schlumberger Carbon Services

A
z=1000m-

z=0m <+

PSS \

— Velocity increase at the top

Velocity in the defect

200 400 600 800 1000
z[m]



Case 2 — CO, rich phase annular flow

m Annular flow + mechanics + cement reactivity:

— Carbonation of cement sheath — Water condensation in pannulus
s Calcite Layer after 6 days g olume fraction of aqueous phase aftr 6 days
02l
._.0'15-
s |
0051
% 200 400 600 800 1000 % o0 200 600 Bo0 1000
z[m] 2]
110 c02 flix as a Tunclion ofime
— Leak rates:
v" Cement reactivity = g
High at early stages = CO, sink ig
« Lowat later stages = limited by diffusion 40 o e e

30 = To the surface
. ————-Without Chemistry
0 1 2 2
t [days]

4 5 6
o Schiumberger




Case 3 — Brine Annular Flow

m Initial / boundary conditions: z=1000m+ '33% I g

: 4

—  Top of defect: o | @

v z=1000m, Pt=1bar, % B

— Indefect: | z=om 1 S| | |
v"geothermal gradient, w, = 0 um :

— Bottom of defect:
v" z=0m, Pt=150bar,

Layers length

10 Y

v Brine with CO, R

Time: 25d = i

—309d || = ol

—931d € H i

Q Lo

Layers:—— SH O * AN

- — Calcite || @ | { \ !

m Results i\
— Caleakage from cement

—  CO, ingress into cement I

— CaCO, formation in pannulus 2 4 6 8 -01 0 01 0.2
Degradation fronts [mm]
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Case 3 — Brine Annular Flow

I
m Flow and mechanics:

— Opening of annulus (bottom) — Velocity increase (top)
Width of the defect Velocity in the defect
300 ' ' 0.015 ' T T
Elastic Elastic
250 — Rigid | — Rigid
200} 0.01¢
T 7
= 150 E
= 100} > 0.005}
50}
00 260 460 660 860 1000 00 200 400 600 800 1000
z [m] z [m]

m opening of pannulus related to defect elasticity
— 1%t order mechanism

Schlumberger Carbon Services s Schlumberger



Case 3 — Brine Annular Flow

m Flow + mechanics + cement reactivity:

— Layer thicknesses

Layers thickness after 12 years

L1

0.03 ——L1+L2

200 400 600 800 1000
z[m]

— Leak rates:
v"Initial inhibition due to cement reactivity

Schlumberger Carbon Services

— Concentration profile

Mole fraction of component after 12 years
0.025 . r r

—e—7(Ca®h
0.02 —w— Z(HCO3) |

__ 0015
N 001

0.005

(Aauatiwansonnudueaneeneoputiummeen ettty
0 200 400 600 800 1000
z [m]
CO2 flux as a function of time
0.35
From the reservoir
03— To the surface
— 025
3
E"‘ 0.2
" 0.15} J
8

O oaf 1

0.05} 1

0 "
0 2 4 6

t [years]

8 10 12



Conclusion

m  Modular simulator based on the integration of 1) cement chemistry, 2) annular 1D
reactive flow, 3) defect elasticity.

m At early time (small time scale):
— Cement/ CO, fluids interactions control leak rate.

m At longer time:
— Cement buffering capacity limited by diffusion
— Defect elasticity is a 1t order parameter for CO, leak rate evaluation.

m Identification of specific mechanisms:
— micro-annulus opening: wellbore elasticity
— micro-annulus closing: calcite precipitation

m Consistency with field results (Loizzo's talk)

m Study of different leak scenarios and risk analysis now available with this simulation
tool

Schlumberger Carbon Services - Schiumberger
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Additional figures

m CO, rich phase annular flow

—  Fluids density
Fluid phase density
1000
800¢
£ 600}
2
o 400t
200} Liquid
o Gas
0 200 400 600 800 1000

z [m]

Schlumberger Carbon Services

—  Pressure

Pressure in the defect

150

100}

P [bar]

50f

0 i i i i
0 200 400 600 800 1000

z [m]
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Modelling of Well Bore Cement Alteration as
a Consequence of CO, Injection In an
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Introduction

Within the studies performed to evaluate the feasibility of CO, geologic
sequestration in an exploited natural gas reservoir, a reactive transport numerical
model was developed to evaluate the sealing efficiency of the geological structure
intended for the disposal and well cement completions.

The focus of the modelling study is on the physico-chemical and mineralogical
transformations that could occur in proximity to a former gas production well under
high-Pq,, low-pH brine conditions arising from the displacement of natural gas as a
result of CO, injection.

Object
Estimation of cement alterations, in terms of mineralogical
reactivity, due to the interactions with reservoir and caprock
fluids in the medium period by means of numerical simulations.

saipem e



Numerical Code: TOUGHREACT-TMGAS

The non isothermal multi phase reactive flow TOUGHREACT simulator was coupled to TMGAS
EoS module with the technical support of Lawrence Berkeley National Laboratory (LBNL) in the
framework of the TOUGH2 V.2 reservoir simulator (Pruess et al., 1999), within Eni R&D projects
sponsored and coordinated by Eni E&P Division.

- Discretization in space of continuum equations using the Integral Finite Difference approach
(IFD; Edwards, 1972)
- TMGAS provides an accurate description of the two-phase thermodynamic equilibrium of
mixtures of organic and inorganic gases with NaCl dominated brines
Range of applicability = Pressure up to 1000 bar / Temperature up to 200°C
- Reactive transport is solved with the Sequential Non-Iterative Approach (SNIA):
Mass transport equations and chemical reaction equations are considered as two relative
independent subsystems

- precipitation/dissolution reactions - thermodynamic or kinetic approach

saipem en]



Conceptual model at reservoir scale

The conceptual evolution of the simulated model can be schematically summarized as:
1) reservoir and caprock evolution/interaction for long times (1,000-10,000 yr)
2) 40 years ageing of the cement sheath with the caprock and reservoir alkaline fluids
3) 20 years of CO, injection into the reservoir-> CH, displacement
4) 500 years Reservoir-Cement-Caprock interaction

m> @ » e >0> ©

| INJECTION
CLCSERyEL L CLCSED We_ focu_s on
WIEEL WIEEL / this region
Al CAPROCK -
: :
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Conceptual model at well scale

The domains have their symmetry closed boundary

well

cement

axis centered on the vertical axis of

an hypotetical well.

Main working hypotesis:

Isothermal conditions

No pressure gradients are considered - no advection

Chemicals can diffuse across 3 interfaces:

1. reservoir — cement = .
2. caprock — cement RESERVOIR
3. reservoir — caprock (not discussed here)

Reservoir is an evolving boundary for the overlying domains (cement and caprock)

Fluid interactions with casing are neglected

P
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Geometrical detalls

« 2D radial grid with external radius =5 m and height =5 m
* radial logarithmic progression after the first 16 nodes with
» cement sheath thickness of 0.04 m

constant element width of 0.005 m

* reservoir is represented by a 35 m thick single layer radially discretized

5r = ggﬂimr Nodal network: 2400 elements, 4650 connections
-~ | ‘ AXpin =5 mm > A tyay = 0.5 days = high CPU times
é s (4.5 days on Intel Xeon X5269 @ 3.33GHz)
'= 4 N ‘ B CEMENT
o i DOMAIN
c | ‘ 0.5 1L
2 st ’
Q - 04}
x i M CAPROCK DOMAIN il | N
= N | l i 110100010 ' _—

[ 03F CAPROCK DOMAIN ’7

o 2rg = | I :. — : j
“— i I E | ] | |
A N o2}
c 4L [ [
E y sz
lg | : 01 T
Qo I i

0 1 | | | I | 1 1 | I 1 | | | l L 1 | | I | L 1 | I 0__ 1 E:'EEEE| 1 l- -| l' Il 1 1 L I L L L 1 Il L ]

0 1 2 3 4 5 0.1 0.2 0.3 0.4 0.5
. . . R(m
Radial distance from well axis (m) (m)
Sensitivity runs on kinetics and thermodynamics data were preliminarly performed by means of ot

simplified 1D cartesian (vertical) and radial (horizontal) grids
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Definition of the system conditions

Thermodynamic conditions and petrophysical parameters

P - Porosity Liquid Saturation Tortuosity
(¢, volume fraction) S (7)

(bar) | (°C) res cem cap res cem cap res cem cap
128 50 0.18 0.10 0.05 0.25 1.00 1.00 0.10 0.05 0.05
N— I J

N Y
Field data Estimated from literature

The formal treatment of diffusion implemented in the code stems from Fick's law. The dependence
of the diffusive flux on porosity (f), tortuosity (t) and liquid saturation (SL) is expressed through an
effective diffusion coefficient (EDC)

Deff » Dbulk . f(¢,SL,T)

o Deff - EDC in porous medium
oDbulk - Diffusion coefficient in bulk water (the same for all species)

* f(¢,S.,7)=> The functional form depends on the way diffusion is
calculated at the interface between two interacting nodes

Dbulk=8.0E-10 m?/s Deff=[1.0E-12 — 1.0E-11] m?/s -

saipem e



Mineralogical composition (%vol)

The mineralogical composition of
the reservoir rock is an average
taken from laboratory analyses

The is a carbonate-rich
shale with high contents of silicate-
clay minerals

The cement is a hydrated
GeocemTM, an API Class G
High Sulphate Resistant grade
commercial oilwell cement

Clays Carbonates Carbonates CSH
20% 35% Clays 27% 82%
49% T\

Feldspars

10% Quartz

4%
R Portlandite
oQuartz laboratory data Feldspars Brownmillerite . 11.5%
20% 2.5% P Calcite
35% Ettringite 1 5
2.5% 70
We made the assumption that all
amorphous materials are
Mineral phases used in the model represented by the calcium silicate
1 hydrate (CSH):
'_t' « is the principal product of the
muscovite A
chlorite 11.5% calcite Na-smectite Ca-smsctite calcite hydratlon of cements
ceolinite 5.0% 30% 10.5% 2:5% 26% « may occur in semi-crystalline or
3.5% crystalline state only at elevated
Alblle-low muscovite dolomite  temperatures and after prolonged
0, o . . .
35% hydration and curing times

K-feldspato

7% _

dolomite chalcedony
5% 4%
chalcedony chlorite K-feldspar

20%

35%

1.0%
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Agueous phase composition

Several chemical analysis available for the pore water >{ * Jisusedto A sythetic nearly-equilibrated

constrain the total concentration of the aqueous species to obtain a cement pore water has been
synthetic water equilibrated with respect to the local primary mineralogy ~ computed by allowing a low
of reservoir and (batch models). salinity solution to react with the

primary mineralogy of the
cement, accordind to the
following criteria:

* pH=12.5 @ 25°C (controlled
by portlandite. Glasser, 1997)

» OH/Cl ratio of about 5 (Page
et al., 1986)

* Na and K contents have been
set to 1E-2 mol/kgw (Hong and
Glasser,1999,2002, Brouwers
and van Eijk, 2003)

Piper diagram of chemical analysis made available by Eni Div. E&P for
the characterization of the aqueous phase for reservoir and caprock
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Thermodynamic and kinetic data

Thermodynamic data mainly derives from TOUGHREACT database (thermXu4.dat).

For the mineral phases of the concrete a sensititvity on thermodynamic data was previously
performed, selcting data from:

» data0.ymp2.R2.dat (EQ3/6)
* thermo.com.v8.r6+.dat (The Geochemist’s Workbench)
- thermoddem.dat (Blanc et al., 2007)

Due to the internal structure of the simulator, only discrete composition for the amorphous phases are
considered in the data bank; i.e.. CSH - Ca/Si=1.7, 1.1, 0.8

1) CSH:1.7, CSH:1.1, CSH:0.8 (data0.ymp2.R2.dat) vs. CSH:1.6, CSH:1.2, CSH:0.8 (thermoddem.dat) - no
significant differences - CSH’s from data0.ymp2.R2.dat

2) Brownmillerite (Ca,Al,Fe,0,,, from data0.ymp2.R2.dat) vs. Fe-ettringite (Ca,Fe,(SO,);(OH),,:26H,0, from
thermoddem.dat) -2 no significant differences 2 CSH’s from data0.ymp2.R2.dat

3) Friedel’s salt is taken from thermoddem.dat database

Kinetic parameters

guartz, amorphous silica, hematite, magnetite, brucite, gibbsite, calcite, gypsum, anhydrite, pyrite (Palandri and
Kharaka, 2004)

Kinetic constants assigned to the cement phases make the reaction rate decrease as follows:
Porlandite (Halim et al. 2005) > gypsum,calcite > CSH,monosulfate,ettringite,brownmillerite (Baur et al.2004)
zeolites - Murphy (2000) but a sensitivity on scholecite kinetics parameters was performed e
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Results(1): reservoir evolution

CO,injection begins after 40 years of simulation

2 1 0.10 =
[@)] (@)]
< i . <
3 | 1 3
g o8 r} ( 0.08 2
S 06 | | 006 &
= . I
S 04| CH4(aq) 1004 8
c c
2 I
g 0.2 ] 0.02 5
S o : : : : 000 5
0 100 200 300 400 500

Simulation time (years)

* Displacement of CH, by CO, is completed within 20 yrs

* pH is lowered from the initial values of about 7.4 (CH,
dominate conditions) to about 5.0 (CO, dominate)

* Porosity does not undergo significant changes

porosity

» The Fe profile results from the competition of chlorite
dissolution and ankerite/siderite precipitation

 Calcium is mainly constrained by the reactivity of calcite
and ankerite

saipem

0.06 T 8
= " —Cat2
= QU
I 0.05 ¢ —Mg+2 .
S 004 — Fe+2 (x 10)
E T
S 0.03 - 6 T
© r
S 0.02 -
g C - 5
o 0.01 -
O r
O - I I I I 4
0 100 200 300 400 500
Simulation time (years)
0.1802 10
| | ——porosita siderite +8
—ankerite —chlorite 6 N
0.1801 | | —calcite i <
. | 4 E
I +2 £
©
0.1800 -0 %
L - '2 —
14 w
0.1799 + @
4 _6 Q
£
i < -8 =
0.1798 1 1 1 1 -10
0 100 200 300 400 500
Simulation time (years)
S
Ml



Results (2): representation of the results

2

—
(&)

—
1 1 1 1 1 1 1 1 1

O
4y

Distance from Reservoir (m)

o

Well-bore symmetry axis

Section at constant Z (far from reservoir)

_____ /
| ® ks, )
&= =
© ©
- :
© ©
| |g :
- O
e 5
(D)s
I [
2 U
0.1 0.2 0.3

Rédial distance from well axis (m)

Section at constant R = 0.1425 m
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Data plotting

1. Contour patterns in the XZ
cartesian space (obtained by
sectioning the 2D radial domain
with a vertical plane along the
simmetry axis of the well)

2. Concentration profiles along

linear sections (A-B, C-D
segments) in the XZ plane



Results(3): reservoir-cement interaction

porosity (vol. fract.)

Taim = 40yr = beginning of CO, inj. / T;,=60 yr = end of CO, inj
0.18 12 4000 o- calcite (@ 40 yrs)
i —— calcite (@ 60 yrs)
0.16 porosity (@ 40 yrs) -1l 3000 1 +;2:|i;éi :E.;O:gs)rs)
—A—porosity (@ 60 yrs) | | 5 2000 - - I y
0.14 — -= porosity (@ 140 yrs) 10 £ _‘:—_ PO"::ang!:e (@ igoyfs)
—o—pH (@ 40 yrs) g S 1000 - por ah ite (@ yrs)
—+pH (@ 60 yrs) T % - ankerite (@ 140 yrs)
0.12 - pH (@ 140 yrs) Q< 0~ '
€ 8 2
0.10 - —A— — O ———/—{} g -1000 -
-7 c
S -2000 -
0.08 - — 6
-3000 -
0.06 - | | | | | 5 4000 + ‘ | ‘ | ‘ 1
© Distance from reservoir (m) @ @ Distance from reservoir (m) @
600
The diffusion of mild acidic carbon rich fluids coming from 500 - et g o zz;
the reservoir promotes: "E 400 - =~ CSH:1.7 (@ 140 yrs)
. . . = -o— brucite (@ 40 yrs)
* the dissolution of portlandite and CSH:1.7 (H*) e 300 - ~a brucite (@ 60 yrs)
5 200 - —-=— brucite (@ 140 yrs)
« formation of calcite (HCOy) P
@©
e precipitation of brucite in the high pH region (Mg*?) g
=
« formation of ankerite (Fe*?)

e after 100 yr the reactive advancing front reaches 10 cm  -200 | ‘ | ‘ | ‘

Q\: 0.05 0.1 0.15 @
Distance from reservoir (m)
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porosity (vol. fract.)

Minerals (mol/m?)

Results(4): reservoir-cement interaction (T,

= 140 yr)

iIm

0.19 12 o
i : I “Macro reactivity”: 3 zones can be
0.17 + -@- porosity 11 . . . .
: = pH 10 identified according to the different
0.15 % 9 reactivity
0.13 - -8 T
i L I
0.11 | ! e cosml.
0.00 - 6 e portlandite —"-HC% M0 ke N0V PH] , cacite + CSH:1.7 +brucite
U F -5
0.07 1 | | 4 1
0 0.05 0.1 0.15 &i o CSH:1.7 M HCOkes calcite + SiO,,,, +H,0
@ Distance from reservoir (m) . {H* hees brucite dissolution
—a— portlandite T 200
—e— calcite + 150 |1l
—O—ankerite_ _ _
—o—dowsonite |7 100 _ —dissolion_, horosity increase
—&= - prucite (dx) | | 50 e calcite ]
. P g7 FiCo, T > ankerite
-50
-100 Dawsonite precipitation is driven by the migration of HCO,™ from
150 the reservoir, Na* from both reservoir and caprock aqueous
phase, while the needed Al is mainly provided by the reactivity
-200

0.1 0.15

Distance from reservoir (m)

saipem

of alluminosilicate occurring at the caprock-cement interface

(see 2D model results). o
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Portlandite (Amol/m?)

Porosity

Results(5): caprock-cement interaction (T,

= 140 yr)

m

750

500 |

250 |

O,,

-250 +

-500 +

cement

— 200
— 150
~ 100
~ 50

e— 0
— 50
~ 100
~ -150
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0.24

Minerals (Amol/m?)

- portlandite
o- brucite

-+ CSH:1.7
-e-scolecite
-o-gyrolite
-e-muscovite

-o— Na-smectite

-o—- K-feldspar

Cement:

 portlandite destabilization (cem - cap OH-
diffusion) with CSH precipitation (cap - cem Al,Si
diffusion)

* light porosity increase in a 2 cm thick region

(alteration of about 5 cm)
» dissolution of muscovite and Na-smectite, and
precipitation of zeolites (scolecite)
» minor transformations - conversion of K-feldspar
and Ca-smectite into brucite and gyrolite

 porosity reduction at the contact with the cement
=g
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Results(6): caprock-cement interaction (time evolution)
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Results(7): caprock-cement interaction (scholecite kinetics)
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0.12 : T 14 2500 Q - 400 +p0rt|andite
i -o—porosit 1
DH y 13 —~ 2000 300 | -o brucite
010 T _D_p T 12 g 1288 T Y -+ 200 mE glbbSIte
| = 1 £
CSH:1.7
i £ i ; 100 g |7
0.08 7 500 4 .\(}o R £ |~ Friedel's salt
0.06 - 2 07 9 e e 00— e natrolite
_ T -500 | 'y —-100 '® | o gyrolite
i © -1000 + 8 Q ;
1 b= — 200 .E |-e-muscovite
0.04 S -1500 + = .
L o -~ 2300 -o-Na-smectite
L ‘ -2000 o K-feldspar
002 I I _2500 O Y I N | } | _400
“Fast” scolecite (Tsim=240yr)
0.12 T 14 1500 T 490 —+ portlandite
R IS N— 1 |
i —o—-porosity | 13 — iggg 1 - 300 .
0107 —a-pH £ 750 ¢ To0 T pructte
L P . o 1 = |~ CSH:1.7
c 500 11030 @
0.08 + < 250 - ~ §1 -e-scolecite
- 9 ° 0+ aofRoo0o0o0—0a+(Q o ,
1 = 1 o o | ©o-gyrolite
0.06 8 < -250 p 1 .100 © .
L 7 S -500 + \ . 5 | - muscovite
= 1 41 c .
0.04 - 6 £ 888 T -200 = | -o- Na-smectite
- 5 a - 1 T -300 -o- K-feldspar
-1250
0.02 - | | | 4 -1500 | iy | | -400

0.12 0.14 0.16 0.18 0.2 0.22 0.24 012 014 016 0.18 0.2 022 0.24

@ Distance from reservoir (m) @ @ Distance from reservoir (m)

The slowing down of scholecite reaction rate shifts the weigth of zeolites reactivity towards natrolite
and gyrolite precipitation (minor porosity reduction). This process likely promotes Friedel’s salt e
precipitation inside the cement.
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Results(8): 2D system evolution @ 140 yr

horizontal (XY plane) slica (h=0.1 m)
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Two different fronts of pH are predicted by the model:
 advancing front of an acidic plume (low pH, high carbon) from reservoir
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Results(11): Radial 2D
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Caprock porosity at the res-cem-cap interface is mainly controlled by the precipitation of

gibbsite, K-feldspar and sepiolite
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Caprock porosity at the cem-cap interface is controlled by the dissolution of smectites and...
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distance from reservoir (m)

Results(10): Radial 2D
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Results(9): Radial 2D
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Cement porosity at reservoir interface is controlled by the cement carbonation process + ankerite prec.

Cement porosity at caprock interface is a result of portlandite dissolution and CSH
precipitation
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Concluding remarks:

Simulation results indicate that:

1.) The initial sealing effect due to calcite deposition occurring in the cement carbonation
front can be followed by a dissolution stage (increase in porosity) due to the calcium
carbonates instability in mild acidic environments

1,) The diffusive migration of chemicals from the underlying mild acidic reservoir fluids
induce alterations only in the first few centimetres of the wellbore cement and caprock
(10 cm at 100 years, 30 cm after 500 years)

- in these conditions cement sheath and cap-rock alteration due to the reservoir
Interactions does not seem to rise any concern about their containment capacity over
time

2) The diffusion of hydroxyl ions from the cement into the caprock increases the pH in the
portion of the caprock at the contact with the cement far from the reservoir interface
promoting:

1) a destabilization of portlandite which converts into CSH inside the concrete - slight

Increase in porosity
1) zeolites precipitaion in the caprock = sealing of the caprock at about 300 yr.
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Mineralogical and water phase chemical composition

The mineralogical composition of the reservoir rock is an average taken from laboratory analyses. It
mainly consits on: carbonates, quartz and clays

The Is a carbonate-rich shale with high contents of silicate-clay minerals

The cement is a hydrated GeocemTM, an API Class G High Sulphate Resistant grade commercial oilwell
cement. We made the assumption that all amorphous materials are represented by the calcium silicate
hydrate (CSH): is the principal product of the hydration of cements may occur in semi-crystalline or
crystalline state only at elevated temperatures and after prolonged hydration and curing times

Several chemical analysis were available for the pore water, an average is used to constrain the total

concentration of the aqueous species to obtain the “analogous” synthetic water equilibrated with respect to
the local primary mineralogy of reservoir and (batch models).

A sythetic nearly-equilibrated cement pore water has been computed by allowing a low salinity solution to
react with the primary mineralogy of the cement, accordind to the following criteria:

* pH=12.5 @ 25°C (controlled by portlandite. Glasser, 1997)

* OH/Cl ratio of about 5 (Page et al., 1986)

* Na and K contents have been set to 1E-2 mol/kgw (Hong and Glasser,1999,2002, Brouwers and van Eijk,
2003)
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Breakout Group 1

*What should the report try to accomplish?

«Attempt to educate:
All categories need educating to some degree — regulators,
field, lab need to know what each is doing. Need to get all
research sides together before going to educate regulators.
Need to overcome different approaches, and unify views of
operators and service providers in field work area.

*Need to make benefits clear to all parties

*Create definitions:
What is a leak?
What is best practice?

*What should the report try to accomplish?

*Obtain policy direction from regulators, - classify leaks,

-Demonstrate that we have knowledge, and we also have known

unknowns — we know what we need to work on and learn.

slllustrate different issues to overcome with new wells and existing wells,

www.ieagreen.org.uk
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Breakout Group 1

*Specific Task 1: develop an outline main elements of the report,
*Define what qualifies as a leak?
*Define well types:
*Existing wells,
*‘New wells, CCS compliant,
*New wells, non-compliant due to location, lithography etc.
*Define area’s of influence, scales and regulations encompassing area’s of
influence,
*Quantity of CO, storage necessary means that all wells may be inside
area of influence of a storage operation,
*Monitoring
*Separate approaches for different target formations — oil, gas, aquifers,

www.ieagreen.org.uk
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*Specific Task 2: identify key themes or issues to address
*What should report communicate? i.e. What are the resolved issues?
*Level of understanding, both known’s and unknown’s
*Cement degradation is not likely to be an issue in abandoned wells,
*Wells can be built to resist most corrosion, as long as conditions are
stipulated in advance,
*We have the ability to gather baseline conditions,

www.ieagreen.org.uk
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Breakout Group 1

*Specific Task 2: identify key themes or issues to address

*What are the unresolved issues?
*Impact of CO,, plume encountering H,S zone, and impact of lowering of
pH on well materials of existing wells,
*Future proofing of new wells, defining the area of influence to determine
which wells need future proofing,
Inability to obtain data on gas leaks from operators — proprietary
information,
*We know we can fix leaks, but why do they occur?
*Need more monitoring tools and abilities,
*Better communication between interested parties,

*Quantification of leakage, small leaks need active effort to find them,

*‘What can we measure — leads to what can’'t we measure,

*Need methods to validate models,

www.ieagreen.org.uk
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What should the report
accomplish?
Useful to have a ‘state of the art’ review of
what’s out there and what’s being done
Should be generalised
Clarify the ‘question” — FOCUS on old wells

What constitutes leakage? Movement outside
the container

Technically focussed



e Provide information for technical, non-
technical and outreach



Main Messages

 Three classes of wells — pre-existing, new and
injection wells

 Distinction between artificial and natural
systems — pathways of concern

e |nitial condition of wells is critical,
characterisation key



Early concerns that CO2 would degrade all
borehole materials has been dispelled

We have technologies that can remediate
leaky wells i.e. Stop the leak

We have technology to ensure secure
abandonment of wells to hold CO2

Leakage remediation of wells may be dictated
by economic and regulatory issues



 \We have technology for assessing leakage in
existing wells (non-abandoned)



Unresolved issues?

Better methods for assessing condition of pre-
existing wells

Better record keeping

Statistical analyses of well condition and
performance

Effects of impurities in CO2 stream on
wellbore materials and integrity

Expanded studies on flaw evolution and small
scale leakage pathways



e Need more samples off wellbore materials
that have been exposed to CO2 — vital for
calibration of models

e Compare and contrast statistical studies



What should the report try to accomplish?

e Potential audiences
— Power industry
— Oll and gas industry
— Greenhouse Gas
— Public

e Two target groups
— Greenhouse gas: Int. J. of Greenhouse Gas Control
— OIll and Gas: SPE journal

* Results can also be disseminated to industry
association meetings
— International Regulators Forum



What should the report communicate?

We have a research strategy that will get us to
an ability to assess risk

A review of the character and relevance of

historical database

— This has to be combined with performance
assessment modeling to address what is different
about CO2 sequestration (volume, pressure)

Communicate improvement in processes

Emphasize the difference between “no leakage”
and wellbore integrity

The industry has the ability to conduct
operations now



What should the report communicate?

e Figure showing frequency of leak as function of
size of leak

 Ability to detect and mitigate leakage
— Managing blow-outs and small leakage
— Detection => monitoring

e Current knowledge of material durability

 Analogy of “blow-outs” has limitations as we
aren’t drilling into an unforeseen high-pressure
and due to gradual increase pressure

« Define the boundaries of the system (not
capture, transport, etc.)

» Failures do not imply significant environmental
or health and safety problems



What should the report communicate?

 Unknowns: Long-term degradation or
sealing of defects

— Does risk increase with time?
e Unknowns: Detection limits of leakage
e Unknowns: Lost, abandoned wells

e What do we recommend for evaluation of
“old”, abandoned well with limited records?

* Missing: Validation of models

e Unknowns: Leak rates of various classes
of wells

 Unknowns: Freqguencies of leak rates



What should the report communicate?

* Not just a list of monitoring technologies
but annotated as to limits and applications

APl Is engaged in a parallel task—
relationship to present efforts

* Are we going to recommend abandonment
practices (e.g., length of plug)

e Biggest risk: low top of cement
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