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Abstract

This paper describes the progress being made as the final phase of the world's largest, full-scale field study
involving carbon dioxide (CO,) storage is underway. This final phase will build on the successes of the first phase
and deliver the framework necessary to encourage implementation of CO, geological storage on a worldwide
basis.

Phase I of the IEA GHG Weyburn CO, Monitoring and Storage Project (hereafter "Phase 1") was a US$42-million
(50% cash - 50% in-kind), four-year research project, managed by the Petroleum Technology Research Centre
(Regina, Canada) and completed in mid-2004. Involvement in the project was global, with participation from
Canada, the United States, Europe and Japan. It built upon the US$1-billion, commercial CO, enhanced oil
recovery (EOR) flood operated by EnCana Corporation of Calgary, which began CO; injection operations in late
September 2000, following baseline data collection surveys undertaken as part of Phase 1. The baseline data set
made this geological monitoring and storage project truly unique.

The overarching objective of Phase I was to predict and verify the ability of an oil reservoir to securely and
economically store CO,. Research activities in the project were divided into four themes, involving geological
characterization, prediction, monitoring and verification of CO, movements, CO, storage capacity predictions,
and long-term risk assessment. The Phase I study concluded that the geological conditions in the Weyburn field
are favourable for the long-term storage of CO, and could be monitored with appropriate tools and techniques,
developed and assessed during the course of the project.

Building upon the results of Phase I, a work program for a follow-up phase was developed to address remaining
technical gaps and advance the development of three important non-technical components (regulatory framework,
communications and public outreach, and the business environment for long-term CO, storage). Work on this
phase, entitled the IEA GHG Weyburn-Midale CO, Monitoring and Storage Project - Final Phase (hereafter the
"Final Phase"), includes the neighbouring Midale CO,-EOR project and was initiated in mid-2007. The ultimate
project deliverable will be a Best Practices Manual that can be used to guide the site selection, planning, designing,
risk assessing, implementing and monitoring of CO, geological storage projects anywhere in the world.

Introduction

Geologic storage of carbon dioxide (CO,) has been proposed as a viable means for reducing anthropogenic CO,
emissions. There is significant and active worldwide interest in geological storage projects from a wide range of
stakeholders — governments and regulators, industry, reservoir owners, financial markets, environmental
organizations, public interest groups and the general public. Important issues concerning geological storage must
be addressed before all stakeholders accept this technology as a solution for reducing CO, emissions. These issues
include:

e Demonstration of the safety and long-term security of geological CO, storage;

e The general effect of economic factors, including incentives and taxes;

e What factors should be considered for permitting, operation and abandonment of storage sites;

e Determining long-term monitoring capabilities and requirements to manage long-term liability for
industry and the public sector.

To develop confidence in the geological storage of CO, as a safe and environmentally acceptable mitigation
option, it is necessary to provide sound scientific information that CO; injected into geological reservoirs can be
stored for very long periods of time (geological timescales). Actual CO, storage projects provide an ideal source

1 This paper summarizes earlier publications on Phase | (IEA GHG Weyburn CO, Monitoring and Storage Project,
C.Preston, M.Monea, W.Jazrawi, K.Brown, S.Whittaker, D.White, D.Law, R.Chalaturnyk and B.Rostron, Fuel
Processing Technology 86 (2005) 1547-1568) and the Final Phase (Overview and new directions of the IEA GHG
Weyburn-Midale CO, Monitoring and Storage Project, M.Monea and C.K.Preston, GHGT-8 Conference
Proceedings, Trondheim, Norway 2006).
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for the required technological information.

The Weyburn oilfield in southeast Saskatchewan, Canada, operated by EnCana Corporation (located in Calgary,
Alberta, Canada) and the adjacent Midale oilfield, operated by Apache Canada (also based in Calgary), are
demonstrating that oil production can be increased in an environmentally responsible manner through
underground injection of CO; . The geological storage of CO; in oil reservoirs offers a novel, win-win approach to
mitigate climate change, while enhancing production from mature oilfields.

Located in the southeast corner of the province of Saskatchewan in Western Canada, the Weyburn Unit is a 180-
square kilometer (70 square miles) oilfield, which is part of the large Williston sedimentary basin that straddles
Canada and the United States. Oil production is 25 to 34 degree API, medium-gravity sour crude from the Midale
beds of the Mississippian Charles formation. Waterflooding was initiated in 1964 and significant field
development, including the use of horizontal wells, was begun in 1991.

In September 2000, EnCana initiated the first phase of a CO,-EOR scheme in 18 highly-modified inverted 9-spot
patterns. The flood is expected to be rolled out in phases until the year 2015, for a total of 75 patterns. The CO,
is 95% pure and the injection rate is 5000 tonnes/day (equivalent to 95 mmscf/d). The CO, is a byproduct
purchased from the Dakota Gasification Company’s coal gasification plant in Beulah, North Dakota, and is
transported through a 320-km pipeline to Weyburn. With this CO, the Weyburn field that was discovered 50
years ago has a new life; 155 million gross barrels of incremental oil are slated to be recovered by 2035. Currently
producing over 30,000 bbls/d of light crude oil (18,000 bbls/d of incremental oil recovery attributable to CO,
injection), the field is projected to store 30 million tonnes of CO, over 30 years (26 million tonnes net of
operational emissions), equivalent to taking approx. 5.2 million cars off the road for one year.

Apache Canada began injection at the Midale field, located to the east of the Weyburn field, in October 2005.
By September 2006, injection reached 1368 tonnes/day (26 mmscfd). Apache plans to recover an additional 45-
60 million barrels over 30 years of continued operation.

The Weyburn field and Midale fields are an exceptional natural laboratory for the study of CO, storage, based on
the extensive historical field and well data that are publicly available, the abundant core material and the year-
round accessibility to the site. In recognition of this, the IEA GHG Weyburn-Midale CO, Monitoring and Storage
Project was conceived and developed. Since its launch in July 2000, the project, divided into two four-year
phases, is the largest, full-scale, in-the-field scientific study ever conducted in the world involving CO, geological
storage. As a result, it has become the international flagship project on GHG geological storage research,
routinely receiving attention from senior level industry, business, and government officials as well as media from
Japan, China, France and many countries interested in learning about how they can apply the key technical
findings to their nations' climate change mitigation strategies. The project has the support of the International
Energy Agency (IEA) under its Greenhouse Gas R&D Programme, which focuses on promoting technologies for
reducing or eliminating Greenhouse Gas (GHG) emissions arising from the use of fossil fuels.

There are numerous other oilfields in North America and elsewhere in the world, which could be used for EOR-
based CO; geological storage, potentially capable of storing billions of tonnes of CO,, while producing billions of
incremental barrels of oil. Billions more tonnes of CO, could potentially be stored worldwide in other geological
formations, such as deep saline aquifers. The Weyburn-Midale Project addresses key barriers that must be
overcome to enable more widespread application of this environmentally and economically promising technology,
while ensuring appropriate monitoring tools are developed to verify and assure the long-term containment of CO,
in deep geological formations.

IEA Weyburn CO;, Monitoring and Storage Project - Phase |
Research Objectives

The overall project objective of Phase I was to predict and verify the ability of an oil reservoir to securely and
economically store CO,. This was done through a comprehensive analysis of the various process factors as well as
monitoring/modeling methods intended to address the migration and fate of CO, in a specific EOR environment.
The scope of work focused on understanding the mechanisms of CO, distribution and containment within the
reservoir into which the CO; is injected and the degree to which CO, can be permanently sequestered. The
technology, design and operating know-how thus obtained can be applied to the screening and selection of other
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CO; storage sites and in designing and implementing successful CO, storage projects worldwide.

A secondary objective was the application of economic realities to such an undertaking by predicting the point at
which a CO, storage project reaches its economic limit. The application of customized economic models to the
various storage cases helped in assessing not only cases of CO, storage in conjunction with EOR operations but
also of CO, storage in non-EOR situations such as saline aquifers, which have a significantly larger CO, storage
potential compared to depleting oil pools. The ultimate deliverable from this phase was a credible assessment of
the permanent containment of injected CO, through formal risk analysis techniques, including long-term
predictive reservoir simulations. Results will help answer questions by regulatory bodies regarding the security of
large-volume CO, storage, not only in the Williston Basin but also at other sedimentary basins where CO, storage
may be contemplated.

Phase 1 was funded by five governments, including Natural Resources Canada, the U.S. Department of Energy,
the Alberta Energy Research Institute, Saskatchewan Industry and Resources and the European Community and
10 energy-based industrial sponsors from Canada, the U.S. and Japan. The project, managed by the Petroleum
Technology Research Centre (PTRC), located in Regina, Saskatchewan, employed about 22 research and
consulting organizations and about 70 technical and project personnel.

A further discussion of the objectives, technical approaches, and results and conclusions of the work in Phase I
has been organized along the above-mentioned four main “themes”, which were chosen to group together over 50
research subtasks in a manner corresponding to the main objectives of the project.

(i) Geological Characterization of the Geosphere and Biosphere

Purpose
The principal aim of the geological characterization was to assess the integrity of the geological “container”

encompassing the Weyburn Unit for effective long-term storage of CO,. Data obtained during this assessment
were used to develop a three-dimensional system model, which included features and properties of an area
extending 10 km beyond the CO, flood extent to provide the geological framework for the risk assessment of the
long-term fate of CO, injected into the subsurface at Weyburn.

Technical Approach

The Weyburn oil pool is a giant oilfield, containing about 1.4 billion barrels of oil-in-place in limestones and
dolostones (Midale Beds) of Mississippian age. Carbonates of the Midale reservoir occur at about 1.5 km depth in
the northeastern portion of the Williston Basin, a sedimentary basin broadly similar to the Illinois and Michigan
basins of North America and to numerous intracratonic basins, which occur elsewhere around the world.

Characterization of the Weyburn geological system for CO, storage targeted the delineation of primary and
secondary trapping mechanisms and the identification of any potential pathways of preferential CO, migration. To
place these components within a regional or basinal context, a geological framework was constructed for a region
extending 200 x 200 km around the Weyburn Field, which includes portions of Saskatchewan, North Dakota and
Montana. Increased detail was focused within an area extending 10 km beyond the limits of the CO, flood, which
forms the basis for the system model used in the risk assessments. Reservoir characterization methods involved
lithostratigraphic and hydrostratigraphic mapping, high-resolution aeromagnetic measurements, petrophysical
measurements of core samples, petrography, isotope geochemistry, fluid inclusion studies, remotely sensed
imagery analysis, soil gas surveys and till sampling for soil gas characterization, shallow aquifer demarcation, and
natural analog comparisons. Integration of these diverse data provided a coherent and representative geological
model that was used in the risk assessments.

Results and Conclusions

A good geological description of the reservoir and a large surrounding region was developed from both existing
and newly-generated geological, geophysical and hydrogeological information. A robust system model of the
geosphere and the biosphere (defined below) was constructed to serve as the platform for the long-term risk
assessments of the Weyburn CO, storage site. The main conclusion of this work was that the geological setting at
the Weyburn field appeared to be highly suitable for long-term geological storage of CO,.

One of the most important products of this work was the development of a very large geoscience dataset pertinent
to understanding the geological storage of CO; in the Williston Basin and other sedimentary basins. A great deal
of information was accumulated within a relatively short time span, so there remains an additional opportunity for
more advanced interpretation and integration of this world-class database.
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(ii) Prediction, Monitoring and Verification of CO, Movements

Purpose
One of the underlying goals of Phase I was to optimize the effective management of the reservoir for EOR and

storage of CO,. To accomplish this, an improved understanding of the reservoir properties and the nature of how
the injected CO, spreads and interacts with the rock matrix and reservoir fluids was required. The specific
objectives of this part of the work were to test and improve conventional geology-based simulator predictions of
how the CO; flood will progress and to assess the chemical reactions and mechanisms for long-term storage of
CO;, within the reservoir. Monitoring entailed observing the physical and chemical effects of CO, injection on the
state of the reservoir system, with a focus on tracking the spread of CO, within and potentially outside the
reservoir. Verification was defined as the substantiation of the interpreted monitoring results in order to allow
reliable estimation of the volume and distribution of CO, in the subsurface.

Technical Approach

Initial predictions of how the CO, flood would progress were based on flow simulations using an existing
reservoir model that was constructed with the wellbore geology from the dense network of wells in the Weyburn
field. A variety of seismic and geochemical sampling methods were subsequently used to monitor the CO,
injection process and characterize the reservoir between boreholes. Rock/fluid property measurements, combined
with reservoir simulation and production history matching were used to calibrate the seismic observations to
known CO; injection volumes and to update the reservoir simulation model.

The geochemistry of the produced oil, gas, and brine was regularly monitored and analyzed for a broad range of
chemical and isotopic parameters to infer injection-related chemical processes within the reservoir and to track the
path of injected CO,. This analytical work was supported by model calculations and laboratory studies of
geochemical reactions. Soil gas sampling was designed to detect injected CO, that may have escaped from the
reservoir and migrated to the surface.

Results and Conclusions

The seismic surveys were highly successful and were used in “ground-truthing” reservoir modeling. They clearly
demonstrated an ability to detect anomalies in the reservoir induced by CO, invasion. Geochemical fluid sampling
gave good insights into the movement of CO, within the reservoir and provided a strong indication of incipient
CO; breakthrough at wells. Tracer surveys were not as successful due to a variety of technical and operational
problems. Geochemical modeling to determine the long-term CO, material capture in various sequestration forms
(trapping mechanisms) was reasonably concluded. However, further efforts in reactive transport modeling will be
made in the Final Phase to complete the geochemical picture. There was no evidence from either the time-lapse
seismic data or the soil gas sampling to indicate migration of measurable amounts of CO, into the overburden or
seepage to the surface.

iii) CO, Storage Capacity and Distribution Predictions and the Application of Economic Limits

Purpose
There were several objectives within this theme: (i) estimate the maximum CO, storage capacity achievable both

physically and economically at a geological storage site, (ii) predict the CO, distribution and trapping mechanisms
within the storage site, and (iii) determine if CO, storage performance can be improved through the application of
conformance control treatments.

Technical Approach

A multi-phase, multi-component compositional reservoir simulation model was used to predict the CO, storage
capacity in the Weyburn Unit reservoir. The approach taken in modeling the size and complexity of 75 EOR
patterns was to start with fine-grid, single-pattern simulations and end with a coarse-grid, 75-pattern simulation.
Laboratory measurements of oil properties and CO, -oil phase equilibrium behaviour using oil samples collected
periodically from different wells provided information to tune the equation-of-state parameters in the PVT model
used in the reservoir simulation. The reservoir simulation model was validated by both lab-scale and field-scale
simulations. Then, the reservoir simulation model was used to predict the CO, storage performance during the
EOR period, first in the three single patterns and then in the entire 75 EOR patterns. Alternative CO, storage cases
after the EOR period were also investigated with a focus on promoting additional CO, storage.

Using the predicted CO, distribution in the reservoir at the end of EOR, a geochemical model was used to provide
a preliminary assessment of the amount of CO; that would be stored in the reservoir through different trapping
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mechanisms (solubility, ionic and mineralogical trappings). Laboratory evaluations of commercially available
technologies for conformance control, such as CO,-foam, gel and gel-foam processes, were conducted to select
the most suitable options for the Weyburn reservoir.

With the prediction of CO, storage capacities and EOR performance, an economic model was used to apply
economic constraints to the CO, storage cases. This storage economics model has the capability to calculate CO,
capture, transportation and storage costs in addition to the conventional economic evaluation of an EOR process.
The model can be run either for stand-alone CO, storage options (e.g. depleted oil or gas reservoirs, saline
aquifers, etc.) or storage in conjunction with CO, EOR projects. The objective of the model was to guide
geological storage decisions, whereby not only estimates of the maximum amount of CO, that can be physically
stored can be determined, but also how much of that CO, is actually economically stored under different CO,
storage credits assumptions.

Results and Conclusions

Modeling started with fine-grid, individual well patterns, followed by a gradually scale-up to a coarser, 75-pattern
grid. A good history match was achieved with actual oil production data. Also, predictions of total CO, injected
matched reasonably well EnCana’s internal estimates. Other CO, storage cases were also investigated, including
continuing with CO, injection past the termination of the commercial EOR project (approximately in the year
2033), while continuing to produce incremental oil from wells still operating under a certain gas-to-oil ratio limit,
and disposing of produced water elsewhere to make room for additional CO, injected.

Conformance control treatments developed in this project predicted a substantial improvement in volumetric
sweep efficiency from the application of specially-formulated gel treatments to the best candidate wells. Detailed
mineralogy of the Weyburn reservoir using various techniques established the presence and abundances of
minerals for each of EnCana’s reservoir flow units. Results showed that even in a carbonate reservoir, such as
Weyburn, silicate minerals are present in sufficient quantity to react with CO,-charged fluid and enable mineral
fixation of CO,. Using estimates of the porosity and the volume of each of the flow units and the reactions
determined through the geochemical modeling, the maximum potential amount of trapping in each flow unit was
estimated. It was determined that after 5000 years a free supercritical CO, gas phase would no longer exist, since
it would have been effectively trapped.

A storage economics model was successfully developed. Alternate economic scenarios were tested, including the
above-mentioned case predicated on continued CO, injection in the Weyburn Unit past the economic limit of the
EOR operation. However, the amount that can be economically stored post-EOR would depend on the amount of
the CO; credits received and the desired rate of return for the operation.

(iv) Long Term Risk Assessments of the Storage Site

Purpose
The risk assessments were done to identify and evaluate the risks associated with geological storage of CO, within

the Weyburn reservoir and to assess the reservoir’s ability to securely store CO,.

Technical Approach

Risk assessment embodies the overall process of risk analysis and risk evaluation. Risk analysis involves the
systematic use of project information to identify sources of potential CO, leakage and to estimate their probability
and magnitude. Risk evaluation examines the acceptability of these risks considering the needs, issues and
concerns of stakeholders. The risk analyses conducted in this project focused on assessing storage system
performance or behavior in order to increase our understanding of crucial processes. These processes will form a
critical component of the final risk assessment in the Final Phase, which will ultimately consider social, economic
and political factors associated with geological storage, evaluates the risks associated with a geological storage
reservoir, and assesses the effectiveness of remedial actions that can be taken to minimize both near-term and
long-term probabilities and consequences arising from CO, leakage. Equally important, this process will provide
the basis for communication about the existence, nature, form, magnitude and acceptability of risks associated
with the geological storage of CO,.

From an assessment perspective, the two main elements of the system model are the geosphere and biosphere. The
geosphere, which includes the reservoir, incorporates all geological, hydrogeological and petrophysical
information assimilated for the system model. The biosphere extends to a depth of about 300 m below ground
surface and includes soil, surface water, the atmosphere, and flora and fauna found within these areas. To assist in
identifying the processes that could be relevant to the evolution or performance of the system, a list of features,
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events and processes (FEPs) were developed. Features are physical characteristics of the system (e.g.
permeability), events are discrete occurrences influencing the system (e.g. earthquakes) and processes identify the
physics of change within the system (e.g. diffusion). An evaluation of these FEPs, including their interactions,
was used to describe how the System would evolve over the timeframe of the risk assessment.

Based on reviews of the FEPs by project researchers and stakeholders, a base scenario was developed as well as
several alternative scenarios. Storage system performance simulations in Phase I were performed primarily on the
base scenario.

Results and Conclusions

The assessment theme was the most challenging component of Phase I. A comprehensive, deterministic risk
assessment-based numerical simulation approach was employed in simulating the potential of CO, migration
away from the Weyburn Unit and into the geosphere and biosphere over a period of up to 5000 years following
the conclusion of the commercial EOR project. Augmenting the deterministic assessment was a smaller, stochastic
(probabilistic risk assessment) simulation of the same systems model, but using a compartment model and
analytical methods. The initial numerical simulation results on a single pattern indicated that an estimated 2.7% of
the initial CO, in-place may migrate out of the 75 patterns, 5000 years after the end of EOR, most of it migrating
laterally into the unconfined eastern areas of the Midale reservoir. This migration is carried out by diffusion
through the oil and water phases, pushed along by the action of slow-moving aquifers. However, no CO, appeared
to ever reach or penetrate the Watrous formation, a regionally extensive and thick aquitard above the main
anhydrite cap rock, which forms the primary seal for the Midale reservoir.

Early simulations also confirmed that wells and their integrity strongly influence leakage from the storage
reservoir, that the Marly permeability controls CO, leakage rates through boreholes, and that storage within the
geosphere is greatly enhanced where there is groundwater flow above about 1 m/yr in any upper aquifer zones.

Synthesis of all available well information within the initial EOR area of the project provided the performance
assessment studies with ranges of well types and their associated transport properties. Cement degradation models
incorporating sulphate attack, mechanical fatigue, carbonation and leaching have provided wellbore cement
hydraulic conductivities in the range of 1x10-16 m2 for most well types. For historical injection and production
pressures within aging wellbores, modeling predicted minimal impact on the sealing capability of the wellbores
over the life of the EOR project.

Performance assessment studies to date showed clear support for the conclusion reached within the geological
characterization studies — the geological setting at the Weyburn Field is highly suitable for long-term subsurface
storage of CO,. These studies highlighted the significant capacity of the geosphere region surrounding the
reservoir to effectively sequester CO, and prevent its migration to the biosphere. The performance assessment
studies also clearly identified wellbores as a potential, primary CO, leakage pathway to the biosphere in the
Weyburn Field.

Conclusions of Phase |

Phase I was completed in June of 2004 with very encouraging results. Results showed strong support for both the
feasibility and safety of geological CO, storage. Clearly, CO, storage can safely take place without impacting
EOR operations. The information and datasets have added significantly to all the technical disciplines that were
represented within the project. The project has developed a suite of leading-edge monitoring and verification
technologies. The technologies are applicable to many sites around the world — not just CO,-EOR projects.

While Phase I has provided a good foundation for the future development of solid policy, regulations and
operating practices for future CO, geological storage projects when coupled with EOR operation, it also identified
several challenges that need to be addressed. The final report identified a number of important gaps and
recommended a follow-up “Final Phase” to address those gaps. Further work will enable the transfer of
knowledge and technology gained in Weyburn to a more widespread industrial implementation and build public
confidence and acceptability in a suitable framework for geological long-term storage of CO,.

IEA Weyburn-Midale CO, Monitoring and Storage Project (Final Phase)
Research Objectives

Based on the gaps noted above as well as gaps identified by the Intergovernmental Panel on Climate Change in
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their Special Report on Carbon Capture and Storage (2005), it was agreed that further work was warranted to
address these remaining technical issues and advance the development of several key non-technical issues. This
follow-up phase, entitled the IEA GHG Weyburn-Midale CO, Monitoring and Storage Project (Final Phase),
includes Apache's Midale CO,-EOR project mentioned earlier. The addition of the Midale project, will bring
additional diversity to the Final Phase due to variations in geology, field history and operational practices.

Technical and non-technical programs, budgeted at close to US$20 million, were developed as described below.
Work was initiated in mid-2007 and is expected to be completed in 2010. Many of the Phase I participants are
also involved in this Final Phase, including Natural Resources Canada, the U.S. Department of Energy, the
Alberta Energy Research Institute and Saskatchewan Industry and Resources, as well as energy-based industrial
sponsors from Canada, the U.S., Japan, Saudi Arabia and Austria. Likewise, many of the research providers of
Phase I will again be involved.

The following is the Mission Statement for the Final Phase: Use the IEA GHG Weyburn-Midale CO,
Monitoring and Storage Project (Final Phase) as the ““flagship™ for developing the necessary technical and
operating information to guide regulatory policy on EOR-based CO; geological storage projects.

The monitoring, verification and risk assessment/management technologies developed for Weyburn and Midale’s
geological environments may be transferable to other sites with different geological characteristics. The Project’s
vision, therefore, is to encourage the widespread use of these technologies for the design, implementation,
monitoring and verification of a significant number of CO, geological storage projects in Canada, the USA and
around the world The startup of a significant number of commercial-scale EOR-based CO, geological storage
projects would represent a win-win for both the economy and the environment. These projects would provide
substantial environmental benefits by enabling the geological storage of significant quantities of CO, that would
otherwise be emitted to the atmosphere. Ramping up development of CO, EOR projects would also increase oil
recovery and hence improve energy security.

A. Technical Program

The main technical objective of the Final Phase is to develop a Best Practices Manual as a practical, technical
guide for the design and implementation of safe and reliable EOR-based CO, geological storage projects at
prospective field sites in Canada and the US. The Best Practices Manual should become the “how-to”” manual of
choice that will address the long-term storage risks and monitoring requirements to mitigate such risks.

The Best Practices Manual will provide protocols for the following five areas:
e Storage site selection

Wellbore integrity monitoring and remediation

Monitoring and verification of stored CO,

Long-term risk assessment and risk management

Maximizing economic CO, storage capacity

The technical R&D program for the Final Phase is organized around five technical themes: geological integrity,
wellbore integrity, storage monitoring methods, risk assessment and storage mechanisms, and data validation and
management. The technical objectives are to determine the long-term storage risks and monitoring requirements
to mitigate such risks:

Theme 1 — Geological integrity (site selection):

e Develop firm protocols for selection of suitable sites for CO, geological storage

o Identify the minimum data set required for successful site selection using full cycle risk assessment and
other means

o Integrate hydrogeological, geophysical and geological data sets to create a complete picture of seal
integrity

o  Further study natural analogues with respect to leakage and storage integrity

o Summarize the predicted impact of CO, and CO,-rich fluids on geochemical and geomechanical
processes on regional reservoirs and seals

Theme 2 — Wellbore integrity:
e Complete the parameterization of wellbore integrity
e Compile a list of remediation activities that could be applied
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e Describe current well abandonment technology trends and how they may impact future abandonment
requirements

e  Conduct Cased-Hole Dynamic Testing. This log can be used to test behind casing pressure and formation
fluids. In unperforated zones, establish pressures and mobile fluids to look for CO, migration out of zone

e Document safe practices of normal CO, EOR operations on well-bore integrity and geomechanics

Theme 3 — Storage monitoring methods:

e Characterize the accuracy of monitoring technologies for quantitatively predicting the location and
volume- in-place of CO,

e Determine from the 4-D seismic program interpretation results if multi-year programs are appropriate for
ongoing monitoring & verification

e Conduct in situ time-lapse well logging to verify and constrain the results from seismic and other
monitoring approaches

e Continue with passive seismic program

e Verify predictions through spinner surveys and selective drilling, coring and logging of vertical slim
holes to determine CO, distribution

e Conduct in situ time-lapse well logging to calibrate seismic imaging

Theme 4 — Risk assessment and storage mechanisms:

e Complete the full field risk assessment from Phase 1 — all relevant storage and leakage mechanisms
should be modeled

e Determine risk levels for various operations scenarios

e Describe the ultimate fate of CO, in the Weyburn-Midale system, the relative volumes in each
storage/trapping mechanism, the time to become trapped, and the factors which affect these

e Study ways to stimulate and accelerate CO, mineral fixation (mineralization, mineral trapping) under
Weyburn-Midale reservoir conditions

Theme 5 — Data validation and management:
® Weyburn-Midale data set will be stored at PTRC
® Data validation early in Final Phase is a critical task
® Data used to conduct long-term risk assessment of CO, geological storage.

B. Non-Technical Program

The Final Phase program will broaden its focus beyond the technical challenges and encourage CO, geological
storage more broadly by working with public policymakers and industry to develop appropriate model regulatory
guidelines for long-term geological storage, by developing public education and outreach tools, and by facilitating
the creation of the appropriate business environment. Accordingly, the non-technical program is comprised of
three components, Regulatory Issues, Communications and Outreach, and Business Environment. Only the
work program for the Communications and Outreach component is well developed and activities are underway.
The work programs for the other two non-technical components still need to be developed in further detail.

Regulatory Issues

Work will focus on developing assurance that clear, workable and science-based regulations for CO, geologic
storage exist, building upon existing, effective regulatory frameworks. The adequacy of existing regulations for
CO; geologic storage will be verified and the issue of long-term storage and gas credits and offsets accounting
issues addressed, including the treatment of stored CO, under the terms of emerging federal, state, provincial and
international GHG management plans and reporting standards and requirements.

Public Communication and Outreach

This activity is driven by the need for better public awareness of CO, geological storage as a GHG mitigation
option and the need for a plan to communicate technical findings to non-technical audiences, particularly
regarding issues of safety, storage integrity, permanence and other concerns of the public. One of the first tasks to
get underway is the preparation of a brochure on CO, geological storage for the public.

Business Environment (Fiscal Policy Requirement)

Activities to be undertaken will be aimed at fostering the creation of a conducive business environment. Current
barriers include the lack of a large and economic CO, supply and infrastructure in Canada and the lack of a
mechanism for monetizing CO, gas credits. These issues will be addressed. Work will also include the
development of an acceptable economic model for CO, storage projects.
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Conclusions

The IEA GHG Weyburn-Midale CO, Monitoring and Storage Project continues to lead the world in developing
successful EOR-based CO, geological storage technologies.

CO; EOR technology currently represent the only CO, storage option that is the closest to being economic. With
the right policy and regulatory framework, market signals and economic conditions, a number of CO,-EOR
projects could realistically be initiated.

Widespread CO, geological storage is a transitional technology that will allow the world to meet climate change

challenges and commitments, while progressing to a more sustainable energy future, which combines alternative
and renewable energy technologies with zero-net-emission fossil energy technologies.
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K4 Dr. Frank M. Mourits

Senior Science and Technology Advisor
Office of Energy R&D

Natural Resources Canada

Government of Canada

Dr. Frank Mourits is a Senior Science and Technology Advisor in the Office of
Energy R&D of Natural Resources Canada (NRCan), Ottawa, Canada.

As one of Dr. Mourits’ key responsibilities, he very recently assumed the position of Project Integrator of the IEA
GHG Weyburn-Midale CO, Monitoring and Storage Project. In this capacity, he is responsible for the
coordination of a wide range of project activities. He facilitates the communication between the project sponsors,
participates in Steering Committees, and reports and makes recommendations to the lead sponsors on progress,
difficulties and potential solutions pertaining to all aspects of the project.

Dr. Mourits is also involved in various clean energy and climate change technology initiatives in Canada and
internationally. He has been providing the federal oversight of the Sustainable Development Technology
Canada (SDTC) - a $1-billion foundation, which develops clean energy technologies in Canada. He further
coordinates a federal-provincial energy technology working group, which is tasked with developing and
implementing collaborative clean energy projects across Canada.

On the international side, Dr. Mourits is Canada’s representative on the APEC Expert Group on Clean Fossil
Energy (EGCFE) and the Climate Technology Initiative (CTI), two international organizations involved in the
transfer of clean energy technologies to the developing world. Much of Dr. Mourits’ international activities relates
to technology transfer and capacity building in the areas of clean coal and carbon capture and storage.

Prior to his current position, Dr. Mourits was Manager, Climate Change Technologies Initiatives, in the Office of
Energy R&D. In this capacity, he was responsible for managing a $20-million dollar domestic Technology
Development and Innovation Program, as well as a $10-million dollar International Technology Initiative, both of
which were aimed at reducing Canada’s greenhouse gas emissions.

Before his move to the Office of Energy R&D in 2001, Dr. Mourits was the Senior Coal Specialist in the Minerals
and Metals Sector of the same department. In this position, he covered policy issues as well as technological and
environmental aspects related to the Canadian domestic and export coal production and utilization chain, with
particular emphasis on clean coal technology and climate change issues.

Before moving to NRCan’s Head Office in 1995, Dr. Mourits was a Senior Research Scientist, involved in fossil
fuel conversion and petroleum recovery research at CANMET, the R&D arm of Natural Resources Canada.

Dr. Mourits joined the Canadian Federal Government in 1989. Before that date, he was a Senior Research
Chemist involved in heavy oil emulsion separation research at the Saskatchewan Research Council in Regina,
Canada. He was also involved for a number of years in various coal gasification and liquefaction research
projects at Saskatchewan Oil and Gas Corporation, Alberta Research Council and Saskatchewan Power
Corporation.

Born on 15 May 1945, Dr. Mourits holds B.Sc. and M.Sc. degrees in Physical Chemistry from the University of
Amsterdam, The Netherlands, and a Ph.D. degree in Physical Chemistry from the University of Regina, Canada.
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