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Executive Summary

Carbon dioxide capture from large stationary sources and storage in geological media is a
technologically-feasible mitigation measure for the reduction of emissions of
anthropogenic CO, into the atmosphere in response to climate change as a result of
human activity. Carbon dioxide can be sequestered underground in oil and gas reservoirs,
deep saline aquifers, uneconomic coal beds and salt caverns. The Alberta Basin, which
underlies Alberta, provides a very large capacity for CO; storage in oil and gas reservoirs.
However, the Athabasca-Cold Lake region in northeastern Alberta has less potential for
CO; storage because it is shallow, being close to the zero edge of the basin. Because the
oil sands plants in the Athabasca area are very large CO, emitters, of the order of several
megatonnes/year each, plans are being developed to construct a pipeline that would bring
CO, from the Fort McMurray area to the southwest in central Alberta, where it will
connect to a major Alberta CO, trunk pipeline.

There are only 15 oil pools in northeastern Alberta, with insignificant CO, storage
capacity compared with the ~609 Mt CO, potential capacity in ~5,300 gas pools. Most of
the gas pools are small, with only less than 900 gas pools having CO, storage capacity
greater than 100 kt CO,, for a total of ~504 Mt CO,. Of these, 76 gas pools have capacity
greater than 1 Mt CO, each, for a total of 292 Mt CO,. These gas pools are distributed
almost evenly across northeastern Alberta, and are found at depths that vary between
~200 and 950 m. Upon depletion, these gas pools can be used for storing the CO, emitted
by oil sands plants in the Athabasca area, allowing for a few decades of oil production
with reduced atmospheric CO, emissions.

As a result of Gas-Over-Bitumen disputes between gas and bitumen producers in the
Athabasca area, a significant number of gas pools in the McMurray-Wabiskaw
sedimentary succession have been shut-in by EUB, or could be affected in the future.
These gas pools have significant CO, storage capacity, estimated at greater than 185 Mt
CO,. Repressuring these gas pools with CO; from oil sands plants would achieve a dual
objective of maintaining pressure in these gas reservoirs, thus preserving the ability to
produce the underlying bitumen while producing the gas, and storing CO, from oil sands
plants in the Fort McMurray area, thus reducing greenhouse gas emissions and allowing
the development of oil sands resources in a responsible manner.
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1 Introduction

Interpretation of the temperature record on a scale of centuries to millennia indicates a
slight increase in global average annual temperatures in the last 100-150 years, in the
order of 0.4-0.6°C (IPCC, 2001), with 2005 being the warmest year on record. The
melting and retreat of polar ice caps and mountain glaciers corroborate this increase.
Some severe weather effects around the globe, such as hurricanes and droughts, are
attributed by some to global warming, and predictions are that humankind is facing
significant climate change by the end of this century as a result of continuing warming
forecasted to be in the order of 2-5°C (IPCC, 2001). It is generally, but not unanimously
accepted that the main cause of the observed global warming is the increase in
atmospheric concentrations of greenhouse gases, such as carbon dioxide (CO;) and
methane (CH4). This increase, observed since the beginning of the industrial revolution at
the middle of the 19" century, is due to human activity in land use (agriculture and
deforestation) and ever-increasing consumption of fossil energy resources. Of all the
greenhouse gases, CO,, whose atmospheric concentrations have risen from pre-industrial
levels of 280 ppm to 360 ppm, is responsible for about two thirds of the enhanced
‘greenhouse effect’ (Bryant, 1997). The relationship between CO, emissions (expressed
by the amount of carbon C), economic growth (expressed by the gross domestic product -
GDP) and energy production (E) is best illustrated by Kaya’s identity (Kaya, 1995):

C =GDPX(L}<(EJ (D
GDP) \E

In the above expression, (E/GDP) is the energy intensity of the economy and (C/E) is the
carbon intensity of the energy system. Historical evidence shows that, although the
carbon emission intensity of the economy (C/GDP) has decreased continuously since the
beginning of the industrial revolution, carbon emissions have increased because the
economy (GDP) is growing at a faster rate than the decrease in emission intensity (Kaya,
1995). Thus, in the context of worldwide population and economic growth, it is predicted
that the continuing use of fossil fuels in a business-as-usual scenario, hence the increase
in anthropogenic CO, emissions, will lead to an increase in the average global
temperature of between 2°C and 5°C, depending on the climatic model being used, with
significant effects on climate and world economy (IPCC, 2001).

While a direct causal link between the raise in greenhouse gas concentrations in the
atmosphere and global warming has not been demonstrated and is still subject of
scientific debate, circumstantial evidence points toward this link, which has been
generally accepted by a broad segment of the scientific community (e.g., AGU, 2003)
and by policy makers. Within the United Nations Framework Convention for Climate
Change (UNFCCC), the Kyoto Protocol ratified in February 2005 provides that, by 2012,
Annex I countries (developed and in transition) reduce their atmospheric CO, emissions
by an average of 5% below their 1990 emissions. Canada, which ratified the Kyoto
Protocol, has committed to reduce by 2012 its anthropogenic CO, emissions by 6%
below the 1990 level of 607 Mt CO; (i.e., at 571 Mt CO,/year). Although Canada’s
greenhouse gas emissions currently represent only 1.8% of the world total, it has one of
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the toughest emissions-reduction targets because, unlike major European countries and
Russia, Canada’s atmospheric CO, emissions increased continuously from 607 Mt CO; in
1990 to 754 Mt CO; in 2003 (a 24.2% increase), with projected emissions by 2010 of
~810 Mt CO, under a business-as-usual scenario. Thus, Canada must take drastic actions
in the next few years if it is to meet its obligations under the Kyoto Protocol. Within
Canada, Alberta’s CO, emissions have increased as a result of population increase and
robust economic development (see relation (1)), such that by 2000 Alberta became the
province with the highest CO, emissions in Canada (Figure 1).

Figure 1. Canada’s 2000 CO2 emissions profile (source: Environment Canada, 2002).

In 1990, Alberta’s CO, emissions at >170 Mt CO, were the second largest in Canada,
below those of Ontario. By 2000, Alberta’s emissions stood at 223 Mt CO, (Environment
Canada, 2002) and it is expected that by 2010 the level of emissions in Alberta will
increase considerably both in absolute terms and in relation to other provinces. This
increase is mostly due to energy development (mainly oil sands), but also to
petrochemical, power generation and manufacturing industries. In regard to reducing
atmospheric CO, emissions, Alberta’s position is that, while committed to taking
effective action on climate change, the steps taken should balance economic risks and the
realities of Alberta, hence the province’s approach to climate change is based on reducing
emission intensity rather than focusing on an absolute emission-reduction target'.
Alberta’s commitment is that, by 2020, the emission intensity relative to GDP will be
reduced by 50% from 1990 levels, which is equivalent to a reduction of 60 MtCO,, with a
milestone target of 20 MtCO, by 2010 (compare these targets with annual emissions of
223 Mt CO; in 2000).

The following modified version of the Kaya identity (Bachu, 2003) expresses best the
general categories of means for achieving a reduction in atmospheric CO, emissions:

! Albertans & Climate Change: Taking Action; Alberta Environment, 46 p., 2002.
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where P and S are population and CO; sinks respectively, and (GDP/P) represents per
capita GDP. Notwithstanding economic and/or population decline, which are both
unacceptable and of very short duration if they happen, and then only locally but not
globally, a sustained reduction in CO, emissions can be achieved by reducing the energy
intensity of the economy (E/GDP) through energy efficiency and conservation, by
reducing the carbon intensity of the energy system (C/E) by switching energy production
to fuels that contain less carbon (e.g., gas) or no carbon at all (hydro, nuclear, wind, solar,
etc.), and/or by increasing the capacity and capture rate of CO; sinks (S). The CO, sinks
are of two kinds: terrestrial sinks, such as forests and soils, which capture diffuse CO,
directly from the atmosphere after its release, and deep, sub-aerial sinks, such as
geological media and the deep ocean, where CO; is stored after a process of capture from
large stationary sources, transportation and emplacement. This process is known
generically as CO, Capture and Storage, or CCS. Thus, short of a timely and major
technological breakthrough, it is evident that no single set of measures will lead to a
significant reduction in atmospheric emissions of anthropogenic CO, and that a whole
portfolio of measures will have to be applied, including CCS (Turkenburg, 1997).

All economic forecasts predict that fossil fuels, which today provide close to 80% of the
world’s energy, are likely to remain a major component of world’s energy supply and
that their share will actually increase to close to 85% by 2050 (IEA, 2004). This is
because of their inherent advantages, such as availability, competitive cost, ease of
transport and storage, and large resources, and because other forms of energy are
insufficient, too costly and/or unacceptable to the public. In addition, the need for
stability and security of energy supplies, pursued by both developed and developing
countries alike, will lead to an increase in the use of coal, abundantly found in North
America, Australia, China and India, as a primary form of energy. Alberta, rich in oil,
gas, oil sands and coal, will continue to produce energy to satisfy demand, and generate
its power using mostly fossil fuels (mainly coal). However, Alberta has also to find ways
to reduce its atmospheric CO, emissions without impeding economic development.

A recent study by the International Energy Agency (IEA, 2004) and a review by the
International Panel on Climate Change (IPCC, 2005) have identified geological storage
of CO; as being a technology that is immediately applicable as a result of the experience
gained in other industries, particularly in oil and gas exploration and production, has
large capacity, although unevenly distributed around the globe, and has retention times of
centuries to millions of years. On the other hand, because adding CO; to the ocean will
alter the local chemical environment, with ecosystem consequences on the marine
environment, and because the long term effects of CO, storage in the ocean over large
areas are not known (IPCC, 2005), ocean storage will likely not be implemented, at least
not in the short-to-medium timeframe. Carbon dioxide capture and geological storage
(CCGS) has the potential to break the link between economic development and CO,
emissions as expressed by Kaya’s identity (1), and has been identified as an important
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component of future energy systems that will contribute significantly to the reduction of
anthropogenic CO; emissions into the atmosphere (e.g., IEA, 2004; Socolow, 2005).

Geological storage of CO; is achieved through a combination of physical and chemical
trapping mechanisms (IPCC, 2005). Physical trapping occurs when CO; is immobilized
in free phase (static trapping and residual-gas trapping), or migrates in the subsurface
with extremely low velocities such that it would take time on a geological scale to reach
the surface (hydrodynamic trapping), by which time usually it is trapped by other
mechanisms. Chemical trapping occurs when CO, first dissolves in subsurface fluids
(solubility and ionic trapping) and then undergoes chemical reactions (geochemical
trapping), or it is adsorbed onto the rock surface (adsorption trapping). In some cases,
more than one single trapping mechanism is active, although they usually act on different
time scales.

The physico-chemical mechanisms for CO, storage in underground geological media

translate into the following means of trapping:

e Volumetric, whereby pure-phase, undissolved CO, is trapped in a rock volume and
cannot rise to the surface due to physical and/or hydrodynamic barriers. The storage
volume can be provided by:

» Large man-made cavities, such as caverns and abandoned mines (cavern
trapping); or

» The pore space present in geological media. If trapped in the pore space, CO; can
be at saturations less or greater than the irreducible saturation; if the former, the
interfacial tension keeps the residual gas in place; if the later, pure CO, can be
trapped:
- in static accumulations in stratigraphic and structural traps in depleted oil and

gas reservoirs and in deep saline aquifers, or

- as a migrating plume in large-scale flow systems in deep aquifers.

e Dissolution, whereby CO, is dissolved into fluids that saturate the pore space in
geological media, such as formation water and reservoir oil.

e Adsorption onto organic material in coal and shales rich in organic content.

e Chemical reaction to form a mineral precipitate.

These means of CO, storage can occur in the following geological media (IPCC, 2005):

e oil and gas reservoirs

e deep saline aquifers, saturated with brackish water or brine

e coal seams (sorption is the only potentially practical technique in coal seams and is
not a significant storage mechanism in the other classes of geological media)

e man-made underground cavities (i.e., salt caverns)

Any geological site for CO, storage must posses the following characteristics:

e capacity, for accepting the volumes of CO; that need to be stored;

e injectivity, to allow introduction of CO, into the subsurface at the desired rates; and

e containment ability, to retain the CO, for the desired period of time (i.e., avoidance of
leakage).
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These characteristics are largely met by geological media in sedimentary basins, which
also contain oil and gas reservoirs, coal beds and salt beds and domes. Igneous and
metamorphic rocks are generally not suitable for CO, storage because they lack the
permeability and porosity needed for CO, injection and storage, and/or because of their
lack of confining properties due to their fractured nature. Volcanic areas and orogenic
belts (mountains) are also unsuitable for CO, storage mainly because they lack capacity
and are unsafe.

Geological storage of CO; is in various phases of applicability and implementation, from
demonstration to being a mature technology, depending on the storage medium (IPCC,
2005). At one end of the spectrum, CO, storage in enhanced oil recovery is a mature,
economic technology, while, at the other end, CO, storage in uneconomic coal seams in
conjunction with enhanced coalbed methane recovery is only in the demonstration phase.
Storage of CO, in depleted oil and gas reservoirs and deep saline aquifers is a mature
technology that is currently economic only under very specific conditions (IPCC, 2005).
However, this technology is not without problems. On the capture side, the major
impediment is the high cost of capture that needs to be reduced in a significant way. On
the storage side, major gaps exist in defining and identifying appropriate sinks with the
necessary capacity within economic distance from major CO, sources, and identifying,
mitigating and remediating risks associated with possible leakage of CO,. On a global
scale, CO, leakage may partially offset the benefits of storage. Locally, leakage of CO,
may lead to contamination of energy, mineral and groundwater resources, and harm
vegetation, animal and even human life, depending on leakage rates, duration and
circumstances. Thus, for large-scale implementation of CO, capture and geological
storage, it is essential that sites are appropriately selected, designed, operated and
monitored (IPCC, 2005).

Regarding CO, capture and geological storage (CCGS) in Canada, practically only the
Alberta and Williston basins have, on a national scale, significant potential for CO,
geological storage (Bachu, 2003). Except for the extreme northeastern part of the
province, Alberta is underlain by the wedge-shaped Alberta Basin that reaches depths of
more than 6000 m in the southwest at the Rocky Mountain Thrust and Fold Belt. Except
for the shallow northeastern part, the basin meets all the general suitability criteria for
CO; geological storage (Bachu and Stewart, 2002; Bachu, 2003):

- itis located in a tectonically stable region;

- has regional-scale flow systems confined by thick aquitards;

- has significant oil and gas reservoirs;

- has coal beds;

- has significant infrastructure in place;

- there are major stationary CO; sources in the area, including high-purity sources; and

- there is experience with acid-gas injection operations and CO, enhanced oil recovery.

By number of emitters and size of emissions, large stationary CO; sources in Alberta are
located in four clusters and three distinct regions (Figure 2). In the northwest, major but
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Figure 2. Location of major stationary COz-sources in Alberta and of the Northeastern Alberta study area. The
planned Alberta and Northeastern Alberta CO2 trunk pipelines are shown diagrammatically.
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comparatively small CO; sources are mainly pulp mills, newspaper plants and gas plants
(< 1 Mt CO; each). In the southwest along the Rocky Mountains, major and yet relatively
small CO, sources are mainly energy producers (gas plants), and two cement or lime
plants in the Bow Valley corridor. Major CO; sources in southeastern Alberta are mainly
fertilizer plants and compressor stations along oil and gas pipelines. The clusters of very
large CO;-emitting plants (> 1 Mt CO;) are around Red Deer (mainly petrochemicals),
Wabamun Lake southwest of Edmonton (major coal-fired power plants), Edmonton-Fort
Saskatchewan-Redwater (mainly refineries, upgraders, chemicals and petrochemicals),
and Fort McMurray (oil sands). Sheerness and Battle River coal-fired power plants are
located east of red Deer.

All the major stationary CO, sources in Alberta except those in the northeast (Cold Lake
to Athabasca) are underlain by a sufficiently thick sedimentary succession that allows
“on-site” or “near-site” CO; storage in any combination of oil and gas reservoirs, deep
saline aquifers and possibly coal beds (Bachu and Stewart, 2002). Only the oil sands
plants in the Athabasca area are “stranded” in the sense that the sedimentary succession is
too shallow, being close to the basin zero edge, and not suitable for CO, storage. Thus,
CO, captured from these sources has to be taken to potential storage sites in the west or
southwest. The CO, sources in the Cold Lake area are in a similar situation.

Mindful of the particular circumstances of their plant location, major oil sands and heavy
oil producers including Shell, Suncor, Husky, Nexen, CNRL, Imperial Oil and
ConocoPhillips have formed a consortium (ICON — Integrated CO, Network) and have
developed plans for bringing CO, captured at plants in the Athabasca area to major oil
fields in central Alberta, such as Swan Hills and Pembina (Figure 2). The concept is at
the base of even broader plans for developing a major CO, trunk line in Alberta that
would run essentially from the northwest to the southwest and collect CO, from major
emitters, and that would distribute CO, to storage sites, including oil fields with potential
for enhanced oil recovery (e.g., Edwards 2000). In time, this pipeline would extend to
southeastern Alberta (Medicine Hat area) and turn east into Saskatchewan to collect CO;
from major sources, such as the COOP refinery in Regina, and distribute it to storage
sites in the Williston Basin including oil fields in southeastern Saskatchewan. Later on
the pipeline could extend in the opposite direction, in northeastern British Columbia,
where several large CO, producers are found (mainly energy producers and pulp mills).

Although in the broadest sense the shallow sedimentary succession in northeastern
Alberta is not suitable for CO, storage, some storage potential exists as demonstrated by
the presence of oil and gas reservoirs in the region. Thus, while oil and gas reservoirs in
northeastern Alberta may not be the focused target for CO, storage, they might be used
given the opportunity that will be created by the construction of a major pipeline that
would bring CO; from the Fort McMurray area to the Fort Saskatchewan area. The
purpose of the work reported here was to inventory the capacity for CO, storage in oil
and gas reservoirs in northeastern Alberta and to identify potential targets for CO, storage
along a CO; pipeline that would bring CO, from the Fort McMurray cluster of major CO,
emitters to the Edmonton-Fort Saskatchewan-Redwater cluster where it would connect to
a (inter)provincial CO; trunk line. The study area is defined by 110°-114°W longitude
and 54°-57°N latitude (Figure 2). Major oil and gas pipelines are already laid out through
the study area, with the main ones running along Highway 63 to Fort McMurray (Figure
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3), and most likely a future CO; trunk pipeline will run along the same right-of-way
corridor.
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Figure 3. Hydrography, roads and main pipelines in the Northeastern Alberta study area.

Previous work performed by the author on behalf of Alberta Environment has estimated
and inventoried the capacity for CO, storage in oil and gas reservoirs in Alberta (Bachu
and Shaw, 2005; Bachu 2006). However, two major restrictions were applied in the
previous work regarding CO, storage capacity estimates. The first restriction was rather
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methodological, in that only uncommingled reservoirs were considered [commingled
reservoirs are reservoirs that are physically separated but that are produced through the
same well(s)]. The second restriction was based on the broadly accepted concept that CO,
storage in geological media has to take place at depths greater than 800-900 m to ensure
high CO; density, hence storage efficiency for a given volume of pore space. Neither one
of these restrictions is iron clad and can be relaxed depending on circumstances. Carbon
dioxide can be stored in shallow oil and gas reservoirs with no physical restriction, the
only downside being that the storage efficiency would be lower than for a deeper
reservoir with the same available pore space. Nevertheless, CO, would be stored in these
reservoirs as proven by the containment characteristics of the reservoirs.

Commingled reservoirs may have significant storage capacity and it was only a matter of
developing the necessary methodology for capacity calculations and including them in
CO; storage capacity estimates. Approximately 27,500 uncommingled gas reservoirs in
Alberta, with original gas in place (OGIP) of 3.5 trillion m’, have an estimated CO,
storage capacity in the order of 7 Gt CO,. By comparison, 2,474 commingled gas
reservoirs in Alberta have 3 trillion m®> OGIP (85% as much as the uncommingled gas
reservoirs), thus there must be significant CO, storage capacity in these gas reservoirs
and they should be accounted for in an area-specific study like this one. On the other
hand, ~8,100 uncommingled oil reservoirs in Alberta with original oil in place (OOIP) of
~7.4 billion m® have a much smaller CO, storage capacity, in the order of 400 Mt CO,,
including EOR. The 476 commingled oil reservoirs in Alberta with ~2.2 billion m®> OOIP
(30% of the uncommingled ones) are usually water flooded or even in tertiary recovery
(gas or solvent flooded), thus the expected CO,; storage capacity in these commingled oil
reservoirs is expected to be less than 100 Mt CO; (i.e., province-wide they represent ~1%
of the storage capacity in gas reservoirs). Thus, commingled oil reservoirs are not
included in this study because of methodology difficulties and because there are very few
commingled oil reservoirs in the study area, if any. Therefore, this report is not just a
summary of work previously performed for Alberta Environment restricted
geographically to northeastern Alberta, but it includes shallow reservoirs with no depth
limit, and commingled gas reservoirs as well.
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2 Methodology for Estimating the Capacity for CO, Storage in Oil and Gas

Reservoirs

The capacity for CO; storage in hydrocarbon reservoirs in any particular region is given
by the sum of the capacities of all reservoirs in that area, calculated on the basis of
reservoir properties, such as original oil or gas in place, recovery factor, temperature,
pressure, rock volume and porosity, as well as in situ CO, characteristics, such as phase
behaviour and density. The fundamental assumption being made in these calculations is
that the volume previously occupied by the produced hydrocarbons becomes, by and
large, available for CO; storage. This assumption is generally valid for reservoirs that are
not in contact with an aquifer, or that are not flooded during secondary and tertiary oil
recovery. In reservoirs that are in contact with an underlying aquifer, formation water
invades the reservoir as the pressure declines because of production, but CO, injection
can reverse the aquifer influx, thus making pore space available for CO,. However, not
all the previously hydrocarbon-saturated pore space will become available for CO,
because some residual water may be trapped in the pore space due to capillarity, viscous
fingering and gravity effects (Stevens et al., 2001).

Another important assumption is that CO, will be injected into depleted oil and gas
reservoirs until the reservoir pressure is brought back to the original, or virgin, reservoir
pressure. The results thus obtained represent a conservative estimate because the pressure
can generally be raised beyond the original reservoir pressure as long as it remains safely
below the threshold rock-fracturing pressure. In this case, the CO, storage capacity would
be higher due to CO, compression. However, the risk of raising the storage pressure
beyond the original reservoir pressure requires a case-by-case reservoir analysis that is
not practical for basin-scale evaluations.

Several capacity definitions are being introduced to clarify the meaning of various
estimates and the relationships between them. The theoretical capacity assumes that all
the pore space (volume) freed up by the production of all recoverable reserves will be
replaced by CO, at in situ conditions. The effective capacity is the more realistic
estimate obtained after water invasion, displacement, gravity, heterogeneity and water-
saturation effects have been taken into account. Practical capacity is the storage capacity
after consideration of technological limitations, safety, CO, sources and reservoir
distributions, and current infrastructure, regulatory and economic factors. In the end, all
the issues and factors relating to CO, capture, delivery and storage contribute to a
reduction in the real capacity for CO, storage in hydrocarbon reservoirs. However, none
of these capacity estimates is final, in the sense that these values evolve in time, most
likely increasing as new oil and gas discoveries take place, or as better production
technologies are developed.

2.1 Theoretical CO2-Storage Capacity

Only non-associated and associated gas reservoirs are considered in CO,-sequesteration
capacity calculations because solution gas is taken into account in oil reservoirs through
the oil shrinkage factor. Since reserves databases indicate the volume of original gas in
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place (OGIP) at surface conditions, the mass-capacity for CO, storage in a reservoir at in
situ conditions, Mco2, is given by:

Mcoz = pcoar * Re- (1 = Fig) - OGIP - [(Ps - Z; - Ty) / (Pr - Zs - Ts)] 3)

In the above equation, pco, is CO, density, Rris the recovery factor, Fig is the fraction of
injected gas, P, T and Z denote pressure, temperature and the compressibility factor, and
the subscripts ‘r’ and ‘s’ denote reservoir and surface conditions, respectively. The CO;
density at reservoir conditions is calculated from equations of state (e.g., Span and
Wagner, 1996).

The CO, storage capacity of single-drive oil reservoirs is calculated similarly to gas
reservoirs on the basis of reservoir rock volume (area [A] times thickness [h]), porosity
(¢) and oil saturation (1 —Sy), where S, is the water saturation. For reservoirs flooded
with or invaded by water, the volume available for CO, storage is reduced by the volume
of injected and/or invading water (Viy). If water is produced with oil, then the volume
available for CO, storage is augmented by the volume of produced water (V). The same
mass balance applies in the case of miscible flooding with solvent or gas. Thus:

Mco2 = pcozres * [Re*A-h-¢ - (1-Sy)— Viw + Vil 4)

The volumes of injected and/or produced water, solvent or gas can be calculated from
production records. However, the pore volume invaded by water from underlying
aquifers cannot be estimated without detailed monitoring of the oil-water interface and
detailed knowledge of reservoir characteristics.

Carbon dioxide can be used in tertiary enhanced oil recovery in miscible floods. Based on
the experience gained in the United States, where CO,-EOR is being practiced for more
than 30 years at close to 70 oil fields in the Permian Basin of west Texas, a series of
technical criteria were developed for assessing the suitability of oil reservoirs for CO,-
EOR and are reviewed and summarized in several publications (Taber et al., 1997,
Kovscek, 2002; Shaw and Bachu, 2002). However, an assessment of the few oil
reservoirs in the study area has shown that none of them is suitable for CO,-EOR mainly
because, being too shallow, they do not meet the pressure conditions necessary to achieve
miscibility. Thus, no estimates of CO, storage capacity in EOR operations have been
carried out in this study.

2.2 Effective CO,-Storage Capacity

In the case of reservoirs underlain by aquifers, the reservoir fluid (oil and/or gas) was
originally in hydrodynamic equilibrium with the aquifer water. As hydrocarbons are
produced and the pressure in the reservoir declines, a pressure differential is created that
drives aquifer water up into the reservoir. The amount and rate of water influx is
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controlled by: 1) reservoir permeability and heterogeneity; 2) water expansion in the
aquifer; 3) pore volume contraction due to the increase in effective stress caused by the
pressure drop in the reservoir; 4) expansion of hydrocarbon accumulations linked to the
common aquifer; and 5) artesian flow where the aquifer is recharged by surface water. As
hydrocarbons are produced, some portions of the reservoir may be invaded by aquifer
water, in addition to the initial water saturation. If CO; is then injected into the reservoir,
the pore space invaded by water may not become available for CO; storage, resulting in a
net reduction of reservoir capacity. The reduced storage volume may eventually become
available if the reservoir pressure caused by CO, injection is allowed to increased beyond
the original reservoir pressure, which may or may not always be allowed or possible.
Furthermore, the hysteresis effect caused by various mechanisms may also prevent
complete withdrawal of invaded water, leading to a permanent loss of storage space.

Analysis of the production history of close to 300 oil and gas pools in western Canada led
to the establishment of a set of criteria for determining if an oil or gas reservoir has strong
or weak aquifer support (Bachu and Shaw, 2003, 2005; Bachu et al., 2004) on the basis
of pressure history, water production, and cumulative water-gas ratio (WGR) or water-oil
ratio (WOR). For oil reservoirs, the gas-oil ratio (GOR) was also included in the analysis
because, typically, an oil pool with strong aquifer support tends to have a slow pressure
decline and flat GOR profile close to solution GOR, and vice-versa. In addition, the
production decline versus reservoir pressure was analyzed for these pools. For gas pools,
P/Z plots were used to identify the presence of aquifer support, or lack thereof. The
criteria and threshold values for identification of the strength of underlying aquifers are
presented in Table 1.

Table 1. Criteria for establishing the strength and effect of underlying aquifers on the CO: storage capacity in
depleted oil and gas reservoirs in the Western Canada Sedimentary Basin and the corresponding coefficient
of reduction in CO2 storage capacity.

Reservoir | WOR (m*/m?®) GOR Aquifer | Capacity Reduction
Type or (m¥m?® | Strength Coefficient
WGR
(bbl/MMcf)
Oil >0.25 Strong 0.50
>0.15 and <0.25 <1000
>0.15 and <0.25 >1000 Weak 0.97
<0.15
Gas >5.6 Strong 0.70
<5.6 Weak 0.97

The effect of the underlying aquifers was assessed using the Petroleum Expert’s
MBAL™ (Material BALance) software for a limited number of oil and gas pools
distributed across the Western Canada Sedimentary Basin that were considered to be
reasonably representative for the range of conditions found in the basin (Bachu and
Shaw, 2003; Bachu et al., 2004). Injection of CO, was assumed to start immediately after
reservoir depletion and to continue until the pool pressure exceeded the original pressure.
Although the material balance reservoir model simulated by MBAL™ is a tank model
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and does not account for reservoir geometry, drainage area and wells location, it is a very
useful tool in matching the production history by determining the presence, type and size
of an aquifer, and predicting reservoir pressure and performance for given production
and/or injection scenarios.

Table 1 shows the reduction in CO, storage capacity for reservoirs with strong aquifer
support. The storage capacity of reservoirs with weak or no aquifer support is not
affected by the presence of the underlying aquifer. However, a very small effect needs to
be considered in light of the fact that water is a wetting phase, as opposed to oil and gas,
which are non-wetting, hence it should be expected that some irreducible water would be
left behind in the pore space by the receding aquifer. To account for this effect it is
assumed that the theoretical CO,-storage capacity in oil and gas reservoirs with weak
aquifer support is reduced by ~3%.

Notwithstanding the effect of an underlying aquifer, three factors, in particular, control
the effectiveness of the CO,; storage process: CO, mobility with respect to oil and water;
the density contrast between CO, and reservoir oil and water, which leads to gravity
segregation; and reservoir heterogeneity. Because of the very low CO, viscosity in liquid
or supercritical phase, on the order of 10” Pa-s, the CO,/oil and CO,/water mobility ratios
at reservoir conditions are on the order of 20 and higher. As a result, viscous fingering
will develop and the CO, will tend to bypass the oil/water system in place in the
reservoir, leading to a very unfavourable displacement process (Bondor, 1992).

Depending on reservoir temperature and pressure, the density of supercritical or liquid
CO, may range between approximately 200 and 800 kg/m’. The density difference
(buoyancy) between the lighter CO, and the reservoir oil and water leads to gravity
override at the top of the reservoir, particularly if the reservoir is relatively homogeneous
and has high permeability (Bondor, 1992; Stephenson et al., 1993; Doughty and Preuss,
2004). This negatively affects the CO; storage, and the oil recovery in the case of EOR.

If the reservoir is heterogeneous, the injected CO, will flow along the path of less
resistance, namely through regions of high permeability, bypassing regions of lesser
permeability. This has a negative effect for oil recovery because whole regions of the
reservoir may be left unswept by CO, before it breaks at the production well, thereby
reducing the economic benefit. On the other hand, reservoir heterogeneity may have a
positive effect because it may counteract the buoyancy effect by slowing down the rise of
CO; to the top of the reservoir and forcing it to spread laterally, resulting in better vertical
sweep efficiency (Doughty and Preuss, 2004).

The presence of water in the reservoir also has the effect of reducing the CO, storage
capacity, as discussed previously. Water may be present because of initial water
saturation, because of water invasion as the reservoir is depleted, or because it was
introduced during secondary and/or tertiary recovery. As a result of capillary forces,
irreducible water (Syiy) Will remain in the reservoir even if the water is ‘pushed back’ by
the injected CO,.

All the processes and reservoir characteristics that reduce the actual volume available for
CO; storage can be expressed by capacity coefficients (C < 1) in the form (Doughty and
Preuss, 2004):
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Mcozett = Cm * Cp - Ch * Cyw * Ca - Mcoores ®)

where Mcoaefr 1S the effective reservoir capacity for CO, storage, and the subscripts m, b,
h, w and a stand for mobility, buoyancy, heterogeneity, water saturation, and aquifer
strength, respectively, and refer to the phenomena discussed previously. These capacity
coefficients likely vary over a wide range, depending on reservoir characteristics, and this
explains the wide range of incremental oil recovery (7to 23% of OOIP) and CO;
utilization (0.7 to 4.7 m® CO, / m® recovered oil at reservoir conditions) observed for 25
CO,-flood EOR operations in Texas (Holt et al., 1995). Unfortunately, there are very few
studies and methodologies for estimating the values of these capacity coefficients, mostly
on the basis of numerical simulations, and generally there are no data or past experience
for the specific case of CO, storage in depleted hydrocarbon reservoirs. The first four
capacity coefficients can be captured in a single ‘effective’ coefficient:

Cetr=Cm - Gy - Gy - Gy (6)

which can be estimated on the basis of experience with CO,-flood EOR. A review of
capacity coefficients for CO, storage in aquifers suggests that C.s< 0.3. Conditions are
more favourable in the case of oil reservoirs (for example the buoyancy contrast is much
reduced), and a value of Ceir= 0.5 was considered in this study. For gas reservoirs, Cy, =
because fingering effects are very small to negligible. Because CO, density is greater
than that of methane at reservoir conditions, the CO; injected in gas reservoirs will fill the
reservoir from its bottom. Thus, it can be assumed that C, ~ 1 as well. The effect of initial
water saturation was already implicitly taken into account in the estimates of theoretical
ultimate CO,-storage capacity, such that C,, = 1 too. Although reservoir heterogeneity
may reduce the CO, storage capacity by leaving pockets of original gas in place, C;, is
probably high, approaching values close to unity. Thus, the reduction in CO, storage
capacity for gas reservoirs is much less by comparison with oil reservoirs and a value of
Cetr= 0.9 was used in this study.

2.3 Practical CO,-Storage Capacity

The theoretical CO,-storage capacity represents the mass of CO, that can be stored in
hydrocarbon reservoirs assuming that the volume occupied previously by the produced
oil or gas will be occupied in its entirety by the injected CO,. The effective CO,-storage
capacity represents the mass of CO, that can be stored in hydrocarbon reservoirs after
taking into account intrinsic reservoir characteristics and flow processes, such
heterogeneity, aquifer support, sweep efficiency, gravity override, and CO, mobility.
However, there are also extrinsic criteria, discussed in the following, which need
consideration when implementing CO, storage in oil and gas reservoirs on a large scale
and that further reduce the CO, storage capacity in oil and gas reservoirs to practical
levels.
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The storage capacity of oil reservoirs undergoing water flooding is significantly reduced,
making it very difficult to assess their CO, storage capacity in the absence of detailed,
specific numerical simulations of reservoir performance. It is very unlikely that these oil
pools, and generally commingled oil pools, will be used for CO, storage, at least not in
the near future.

The low capacity of shallow reservoirs, where CO, would be in the gas phase, makes
them generally uneconomic because of storage inefficiency (Winter and Bergman, 1993).
On the other hand, CO, storage in very deep reservoirs could also become highly
uneconomic because of the high cost of well drilling and of CO, compression, and the
low ‘net’ CO, storage (CO, sequestered minus CO, produced during compression). Thus,
the pressure window of 9 to 34.5 MPa is generally considered as being economic for CO;
storage in depleted hydrocarbon reservoirs (Winter and Bergman, 1993), which roughly
translates to a depth interval of 900 to 3,500 m.

In terms of CO,; storage capacity, most reservoirs are relatively small in volume, and have
a low capacity for CO, storage, rendering them uneconomic. On the other hand,
associated oil and gas reservoirs (oil reservoirs with a gas cap) have a CO, storage
capacity that is equal to the sum of the individual capacities of each reservoir.
Considering the size of major stationary CO,-sources, it is most likely that only reservoirs
with large CO,-storage capacity will be considered in the short and medium term.
Building the infrastructure for CO, capture, transportation and injection is less costly if
the size of the sink is large enough, and if its lifespan is long enough, to justify the
needed investment and reduce the cost per ton of sequestered CO,. In the previous study
performed for Alberta Environment, only 886 oil and gas reservoirs with individual CO,-
storage capacity greater than 1 Mt CO,/year were selected at the end of the capacity
assessment process and identified as potential CO; sinks.

Notwithstanding the above general criteria for determining the practical CO,-storage
capacity in a given region, in this study of CO; storage capacity in northeastern Alberta
some of the criteria for screening out shallow and/or small reservoirs were relaxed, in
order to obtain a complete picture of the potential for CO, storage between Fort
McMurray and Fort Saskatchewan.
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3 Capacity for CO, Storage in Oil and Gas Pools in Northeastern Alberta

The methodology described previously was applied to the 2004 Alberta oil and gas
reserves databases to estimate the CO, storage capacity in oil and gas reservoirs in
northeastern Alberta and identify the pools with sufficiently large capacity to warrant
further examination. The process consisted of several steps:

- checking for the existence of critical data needed in calculations,
- calculating the CO, storage capacity on a reservoir by reservoir basis,
- identifying the oil pools with an associated gas cap, and

- calculating the CO, storage capacity for commingled gas reservoirs.

The Alberta 2004 oil and gas reserves databases contain 10,438 and 45,726 entries,
respectively, differentiated on the basis of field and pool, and the on mode of production
(single drive, primary, flooded, etc.) in the case of oil reservoirs, or sequence in the case
of gas reservoirs. In the case of gas pools divided into sequence entities, and in the case
of oil pools divided by production mode, the EUB reserves databases contain also an
entry that provide the “Total“ reserves for that pool, although some individual
characteristics are provided at the individual level. These “Total” entries were eliminated
from CO,-storage capacity calculations, otherwise it will double-count the respective
capacity.

In the area defined in this study (110°-114°W, 54°-57°N) there are only 9 oil reservoirs
and one oil reservoir with an associated gas cap. None of these oil reservoirs is suitable
for CO; EOR, thus CO, storage capacity calculations were performed based on reservoir
depletion only. There are 4,908 uncommingled gas pools in the study area, and 389
commingled gas pools.

Table 2 shows the range of variability in the data needed for calculating the CO, storage
capacity for the 10 oil reservoirs and 5,298 gas reservoirs in northeastern Alberta that
were considered in this study. It is worth noting that reservoir depth varies from 161 m to
1,163 m for gas reservoirs, and from 571 to 1,198 m for oil reservoirs. If only reservoirs
deeper than 800 m would have been considered, as generally recommended (e.g., IPCC
2005), then only 5 oil reservoirs and 282 gas reservoirs would have passed this screening
criterion, greatly reducing the capacity estimates of and potential for CO, storage in the
area. More than 3,400 gas reservoirs contain CO, to various proportions (see Table 2),
and this CO, will be produced together with the remaining gas reserves.
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Table 2. Range of characteristics of oil and gas pools in northeastern Alberta.

Reservoir Type | Parameter Minimum | Maximum

0il OOIP (10° m’) 7.6 840
Recovery Factor 0.01 0.13
Depth (m) 571.2 1198.7
Area (ha) 1 740
Net Pay (m) 1.7 19
Water Saturation 0.1 0.68
Porosity 0.11 0.32
Shrinkage Factor 0.89 0.99
Initial Pressure (kPa) 3,295 9,299
Temperature (°C) 21 38
Oil Density (kg/m’) 817 990
Oil Gravity (°API)

Gas OGIP (10° m’) 1 38,824
Recovery Factor 0.3 0.95
Depth (m) 161.0 1163.2
Initial Pressure (kPa) 1,000 12,360
Temperature (°C) 2 59
Compressibility (Z factor) 0.798 0.994
CO, Content (%) 0.0 0.1138

The theoretical CO,-storage capacity at depletion was calculated for the oil and gas
reservoirs in northeastern Alberta according to relations (3) and (4). The effective storage
capacity was then calculated for all of them according to relations (5) and (6) on the basis
of aquifer support as determined according to the criteria presented in Table 1. After
calculations at the individual reservoir level (sequence in the case of gas reservoirs), the
CO,-storage capacity estimates were summed at the pool level on the basis of field and
pool code. The storage capacity of commingled gas reservoirs was obtained by summing
the capacities of the individual reservoirs. The storage capacity of 7.5 t CO; in the oil leg
of the oil reservoir with a gas cap is negligible compared with the 41,116 t CO, storage
capacity in the gas cap; hence this reservoir was considered subsequently only as a gas
reservoir. Table 3 presents by pool type the characteristics of their effective CO,-storage
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capacity. A list of all the reservoirs and their storage capacity is provided on the
accompanying CD.

Table 3. Characteristics of CO2 storage capacity in oil and gas pools in northeastern Alberta.

Pool Production No. CO, Storage Capacity (t)
Type Pools Minimum | Maximum | Average | Cumulative
Qil Single drive 15 11 1342 348 5,220
Gas | Uncommingled 4,909 632 | 7,193,500 76,934 | 377,668,327
Commingled 389 1,822 | 35,856,082 | 594,923 | 231,425,159
All 5,298 632 | 35,856,082 | 114,967 | 609,093,486

Examination of Table 3 shows that the CO, storage capacity in oil reservoirs in
northeastern Alberta is insignificant compared with that of gas reservoirs. Furthermore,
commingled gas reservoirs, although less than 10% in number when compared with
uncommingled gas reservoirs, are bigger and have cumulative storage capacity
comparable to that of the uncommingled reservoirs (61%).

The total CO, storage capacity in gas reservoirs in northeastern Alberta is significant at
~609 Mt CO,. This represents approximately 100 times the current annual emissions of
an oil sands plant. Figure 4 presents histograms of their individual and cumulative CO,
storage capacity. However, the CO, storage capacity of the great majority of these 5,298
gas reservoirs is small, as indicated by their average of ~0.115 Mt CO,. Only 76 gas
reservoirs have individual storage capacity greater than 1 Mt CO, each (average 3.8 Mt
CO,). These pools, which represent 1.4% of the gas pools in the area, have a cumulative
CO,-storage capacity of ~292 Mt CO; (48% of the total), and they represent the practical
CO, storage capacity in northeastern Alberta. Figure 5 presents histograms of the
individual and cumulative CO, storage capacity for these 76 gas reservoirs, and Figure 6
shows their location. Table 4 presents their respective name, location and depth, and CO,
storage capacity. It is worth noting that twenty-four of the 76 gas pools with large CO,
storage capacity are commingled gas pools, with cumulative capacity of ~185.6 Mt CO,
(63.6%).
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The 76 large gas pools are, by and large, evenly distributed across northeastern Alberta,
except for the northeastern corner where only oil sands deposits are present (Figure 6).
Many of them are within relatively short distance from existing major pipelines.
Obviously, pipeline infrastructure is already in place and this infrastructure could be used
to reverse flow direction to the reservoir for CO, storage as opposed to gathering gas
from the reservoir as it is now. The depth of the 76 gas pools with very large CO,-storage
capacity varies between 198 m and 950 m, with only three pools being at a depth greater
than 800 m. Their combined CO, storage capacity is only ~8.8 Mt CO,. Neglecting the
shallower gas reservoirs from consideration, as generally recommended, would lead to
losing significant CO, storage capacity, practically rendering the entire northeastern
Alberta region unsuitable for CO, storage.

Besides these 76 gas reservoirs with individual capacity greater than 1 Mt CO, each,
there are another 807 gas reservoirs in northeastern Alberta with storage capacity
between 100 kt and 1 Mt CO,, with cumulative capacity of ~212 Mt CO, (average ~263
kt CO,). These reservoirs can also be used for CO, storage if the infrastructure costs are
low.

Many gas reservoirs in the McMurray-Wabiskaw sedimentary succession in the
Athabasca area overlie bitumen reservoirs. Production of the gas in these reservoirs
normally leads to a drop in pressure (“pressure depletion”), and bitumen producers in the
area have expressed concerns that this may negatively affect in the future the in situ
production of bitumen using steam-assisted gravity drainage (SAGD). As a result, the
Alberta Energy and Ultilities Board (EUB) decided in 2000 to stop gas production in a
number of gas pools that overlie bitumen reserves. There were 1862 gas pool members
that were or could be affected by the EUB decision, and these group into 1051 gas pools
on the basis of field and pool codes. Of these, 819 gas pools were matched with and
identified with pools in the EUB 2004 reserves database (the mismatch for the other 232
pools is due to changes in reserves databases). Of the 819 matched pools, 783 are in the
study area (651 uncommingled and 132 commingled gas pools), and these gas pools have
considerable CO, storage capacity of ~185 Mt CO,. This shows that repressuring of
these gas pools with CO, from oil sands plants would achieve a dual objective of
maintaining pressure in these gas reservoirs, thus preserving the ability to produce the
underlying bitumen while producing the gas, and storing CO, from oil sands plants in the
Fort McMurray area, thus reducing greenhouse gas emissions and allowing the
development of oil sands resources in a responsible manner. Most of these gas pools are
small, but there are 21 gas pools with CO, storage capacity greater than 1 Mt CO, each,
the largest having 35 Mt CO, capacity. Given the dual objective of repressuring these gas
reservoirs with CO,, building the necessary infrastructure to utilize even the small gas
pools may be economically justifiable.

The generally accepted depth for storing CO; is greater than 800 m, but this is based on
reasons of storage effectiveness, since at depths greater than this CO, will likely be in
dense supercritical phase, hence more CO, will be stored for the same volume of pore
space. However, as long as containment is ensured, there is no reason not to store CO, at
shallower depths where CO, would be in less-dense gaseous phase.
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4 Conclusions

Alberta is currently the province with the highest CO, emissions in Canada, and these
emissions are increasing at an accelerating pace as new oil sands plants, upgraders and
other petrochemical facilities are being built. Fortunately for Alberta, on one hand a large
percentage of CO, emissions originate in large stationary sources, and on the other hand
the Alberta Basin, which underlies the province, provides a very large capacity for CO,
storage in oil and gas reservoirs, deep saline aquifers and, potentially, in deep,
unmineable coal beds. However, the Athabasca-Cold Lake region in northeastern Alberta
has less potential for CO, storage because it is shallow, being close to the zero edge of
the basin. Because the oil sands plants in the Athabasca area are very large CO, emitters,
of the order of several megatonnes/year each, plans are being developed to construct a
pipeline that would bring CO, from the Fort McMurray area to the southwest in central
Alberta, where it will connect to a major Alberta CO, trunk pipeline. Notwithstanding the
general lack of suitability for CO, storage of the northeastern part of Alberta, there are
more than 5,000 gas reservoirs in the region that may serve as CO; sinks.

There are only 15 oil pools in northeastern Alberta, with insignificant CO, storage
capacity compared with the ~609 Mt CO, potential capacity in ~5,300 gas pools. Most of
the gas pools are small, with only less than 900 gas pools having CO, storage capacity
greater than 100 kt CO,, for a total of ~504 Mt CO,. Of these, 76 gas pools have capacity
greater than 1 Mt CO, each, for a total of 292 Mt CO,. These gas pools are distributed
almost evenly across northeastern Alberta, and are found at depths that vary between
~200 and 950 m. Upon depletion, these gas pools can be used for storing the CO, emitted
by oil sands plants in the Athabasca area, allowing for a few decades of oil production
with reduced atmospheric CO, emissions.

As a result of Gas-Over-Bitumen disputes between gas and bitumen producers in the
Athabasca area, a significant number of gas pools in the McMurray-Wabiskaw
sedimentary succession have been shut-in by EUB, or could be affected in the future.
These gas pools have significant CO, storage capacity, estimated at greater than 185 Mt
CO,. Repressuring these gas pools with CO; from oil sands plants would achieve a dual
objective of maintaining pressure in these gas reservoirs, thus preserving the ability to
produce the underlying bitumen while producing the gas, and storing CO, from oil sands
plants in the Fort McMurray area, thus reducing greenhouse gas emissions and allowing
the development of oil sands resources in a responsible manner.
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