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Lay Abstract

The global community has increasingly recognized the importance of greenhouse gas
emission reductions in the effort to mitigate climate change. Carbon capture and
storage (CCS) is a technology that, with widespread use at a large scale, has the
potential to significantly reduce emissions. However, due to the high cost and lengthy
time commitment required, many factors ranging from emission sources to storage
capacity to financial considerations must be accounted for to ensure the success of a
CCS system. Here, we show that a large-scale CCS system in Alberta is viable and
the captured CO, can be safely stored in the long term. This framework can be used

to ensure the success of future CCS projects.
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Abstract

An increasing number of countries worldwide have made commitments in recent years
to reduce emissions with the goal of limiting global temperature increases to 1.5-2°C.
Carbon capture and storage (CCS) is capable of significantly reducing anthropogenic
carbon dioxide (COg) emissions and is an important tool in the effort to mitigate
climate change. The ability of CCS to sequester emissions at a large scale makes
it suitable to particularly emission-intensive sectors, such as the oil and gas sector
in Canada. Many factors must be considered holistically to ensure the long-term
success of large-scale CCS, such as the availability of emission sources, the design
of a CO, transportation network, the availability and capacity of suitable storage
sites, the long-term fate of the injected COs, the economic viability of the system,
and the overall policy environment. Previous studies have considered these factors
in demonstrating the viability of CCS in Alberta but have not done so holistically.
We take a holistic approach in designing a large-scale integrated CCS system which
includes CO; capture from a hub of 10 large oil sands emitters, transport via a pipeline
network, and permanent sequestration in the Nisku and Wabamun saline formations.
We use a logistic model to forecast long-term oil sands hydrocarbon production and
annual emissions, and ensure that all of the capturable emissions can be stored safely

without exceeding pressure limits by modeling the long-term pressure evolution. The
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injected CO5 will be fully trapped in 6100-11000 years without migrating past the
minimum storage depth. We calculate the capital expenditures for the pipeline and
injection well components of the system and show that the amount of funding required
is reasonable under the umbrella of federal infrastructure funding. This provides a

comprehensive framework to ensure the long-term success of future CCS projects.
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Chapter 1

Introduction

In recent years, the devastating effects of climate change have become increasingly
obvious and have been seen around the world. This has led to an increased focus on
climate change mitigation, a field whose focus is on reducing the amount of greenhouse
gases (GHGs) emitted into the atmosphere (Anderson & Newell, 2004; Rockstrém
et al., 2009). These gasses are directly responsible for climate change (Falkowski
et al., 2000; Hansen & Sato, 2004; Haszeldine, 2009; Kennedy et al., 2009) and the
atmospheric GHG level has increased by more than 39% over the past century (Leung
et al., 2014) with global surface temperatures increasing around 0.8°C during that
time (Leung et al., 2014; National Oceanic and Atmospheric Administration, 2023).
Canada is a signatory to the Paris Agreement (United Nations, 2015), a formal global
commitment to limit overall global temperature increases to 1.5-2 °C through drastic
reductions in GHG emissions. Canada has committed to reducing its annual GHG
emissions by 30% of 2005 emission levels by 2030 (Environment and Climate Change
Canada, 2021d). More recently, Canada further increased its emissions reduction

commitment to a 40-45% reduction compared to 2005 levels in the 2021 Nationally
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Determined Contribution (NDC) (Environment and Climate Change Canada, 2021b).
Canada emitted 741 megatonnes (Mt) of GHG in 2005 which equates to an emission
target of 408-445 Mt in 2030. The most recent modeling shows that Canada is
projected to emit 625 Mt of GHG in 2030 (Environment and Climate Change Canada,
2022b) based on emission reduction measures that have already been implemented.
Even under the best-case scenario, taking into account emission reduction measures
that are planned but not yet implemented, Canada is projected to emit 491 Mt of
GHG in 2030 (Environment and Climate Change Canada, 2022b). There is a clear gap
between Canada’s target and projected emissions and additional action is required to
satisfy the NDC commitment.

There are six main sectors, as defined by the Intergovernmental Panel on Climate
Change (IPCC), of emission sources in Canada: Energy - Stationary Combustion
Sources, Energy - Transport, Agriculture, Energy - Fugitive Sources, Industrial Pro-
cesses and Product Use, and Waste. These sectors account for 44%, 30%, 8.1%, 7.4%,
7.4%, and 3.8% of 2019 emissions respectively (Environment and Climate Change
Canada, 2021c). In particular, the Energy - Stationary Combustion sector emitted
319 Mt of GHG in 2019 (Environment and Climate Change Canada, 2021c) and is
by far the largest emitter in the Canadian economy. Much of these emissions come
from Oil and Gas Extraction, a subcategory within this sector, which emitted 105 Mt
of GHG in 2019. Oil and Gas Extraction is clearly a significant contributor to total
Canadian emissions and emitted 14% of total Canadian emissions (Environment and
Climate Change Canada, 2021c) in 2019. This is projected to increase to 27% of total
Canadian emissions by 2030 (Environment and Climate Change Canada, 2021a).

A technology with significant potential to reduce anthropogenic carbon dioxide
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(CO») emissions is carbon capture and storage (CCS). This is a technologically proven
technology in which COs is captured at stationary point sources and directly injected
underground for permanent storage. CCS also includes the subset of carbon capture,
utilization, and storage (CCUS) wherein the captured CO, is utilized in industrial
processes such as enhanced oil recovery (EOR) before it is permanently stored. It
is commonly accepted that the widespread adoption of CCS will have a significant
impact on emission reduction (IPCC, 2018; Leung et al., 2014), with the IPCC (2014)
estimating that CCS can account for up to a third of global emissions reductions
by 2095 under the best-case scenarios. CCS benefits greatly from emissions from
concentrated point sources that can be readily captured (IPCC, 2018; Raza et al.,
2019) due to a decrease in cost, thus making it especially suited to industrial processes
(Osman et al., 2021). The implementation of large-scale CCS is critical to reducing
emission reductions in Canada. This is especially true in the Province of Alberta
which houses many industries with significant GHG emissions, in particular the oil
and gas sector. We only consider CCS and not CCUS because of the challenges in
deploying CCUS as a climate change mitigation technology, such as the absence of
a regulatory framework to oversee the transition from oil production to CO, storage
in the case of EOR and the lack of economic benefit from stored COy (Bachu, 2016;
Ettehadtavakkol et al., 2014)

A large-scale CCS project is an extremely complex undertaking which requires
careful consideration of numerous factors that can have a significant impact on its
ability to effectively and efficiently reduce emissions. These factors affect all three
stages of an integrated CCS system, namely capture, transport, and storage. They

include the availability of emissions sources (Hasan et al., 2015; Tapia et al., 2018;
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Yu et al., 2019), the design of a CO, transportation network (Balaji & Rabiei, 2022;
Jensen et al., 2013), the availability of suitable storage sites (Budinis et al., 2018;
Ciotta et al., 2021; Szulczewski et al., 2012), the safety during injection and long-
term fate of the COy (Szulczewski et al., 2012), the economic viability of the project
(Edwards & Celia, 2018; Leonzio et al., 2019; Tapia et al., 2018; Yao et al., 2018),
and a suitable policy environment (Alcalde et al., 2019; Béckstrand et al., 2011;
Romasheva & Ilinova, 2019).

The objective of this thesis is to demonstrate a holistic approach to designing a
large-scale integrated CCS system. This type of approach considers future emission
projections, emission capture and transport, the pressure- and migration-limited stor-
age capacities of the target geological formation, the total costs of the system, the
financing required, and the regulatory and policy environment in which this system
will operate. A holistic approach such as this is crucial because of the interdependent
nature of each element of this system: the supply of capturable CO, is forecasted
based on future emission projections which then inform the selection of suitable stor-
age formations. These formations must also conform with regulations governing CO,
injection and storage. These elements then dictate the engineering parameters of the
COs transport pipeline and the characteristics of the injection well array, which must
ensure that the storage formation does not fracture and the CO5 migration is limited.
The overall cost is a combination of all of these elements, and the regulatory and
policy environment must be suitably hospitable.

We follow this holistic approach in designing a large-scale CCS system that cap-
tures and transports CO, from a cluster of emitters in the Athabasca oil sands region

of Alberta to deep saline aquifers for permanent storage. In Chapter 2, the literature
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pertaining to CCS in Alberta is reviewed and we show that while there have been
previous studies done on the subject, they consider only one or a few of the CCS
elements described above and do not take a holistic approach. In addition, we discuss
the current status of CCS systems in Alberta and show that a gap currently exists
due to a lack of large-scale CCS. Chapter 3 identifies the optimal emission source
and forecast emissions from this source until the end of the century. Here we also
select the target storage formations and determine the relevant formation parameters
for use in the modeling. Chapter 4 models the formation pressure increases resulting
from large-scale CO5 injection and ensures that the available CO4 can be stored in the
target formations without exceeding the regulated pressure limit. Chapter 5 models
the post-injection CO5 migration to ensure that the injected COs will not migrate
beyond the limit established by regulation. In Chapter 6, we design the CO, trans-
port pipeline to take the most efficient route from the emission source to the storage
formations while remaining on land suitable for pipeline construction and operation.
The capital costs of the CCS system are calculated in Chapter 7, with the relevant
financial and policy incentives discussed as well. Chapter 7 also examines the eco-
nomic viability of constructing the CCS system from the perspective of the federal
government. Areas for further research in subsequent works are discussed in Chapter
8. Finally, Chapter 9 concludes by summarizing key takeaways and identifies areas

of further research for subsequent works.
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Chapter 2

CCS in Alberta

The feasibility of CCS in Alberta has been examined by previous studies. The possi-
bility of capturing CO, from coal-fired power plants in the Wabamun Lake region and
then sequestering it in the Nisku formation has been studied by Eisinger et al. (2011).
Jensen et al. (2013) showed that sufficient COq sources exist in the Plains COy Reduc-
tion (PCOR) Partnership region, which includes Alberta, to support a COs pipeline.
Bachu et al. (2014b) used a volumetric method to estimate the storage capacity of
deep Devonian saline aquifers located west of the Athabasca region, Alberta. This
method involves multiplying the total pore volume of the aquifers by a simple storage
efficiency coefficient (Goodman et al., 2011) to arrive at a high-level storage capacity
estimate. Bachu et al. (2014b) showed that sufficient storage capacity is present in
this region to support large-scale CO, sequestration. Another method of estimating
storage capacity in saline formations is numerical modeling, which is recommended
by Bachu (2007, 2015) for estimations of storage capacities on a local scale. The ad-
vantages of this method are that it accounts for the dynamic factors affecting storage

capacity as well as site-specific characteristics such as the number and configuration
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of injection wells (Bachu, 2007, 2015). While these studies demonstrate the feasibility
of CCS in Alberta, they only consider one or a few elements of an integrated CCS
system and thus do not take a holistic approach.

The Quest Carbon Capture and Storage Project and the Alberta Carbon Trunk
Line (ACTL) system are the two currently operational CCS systems in Alberta. The
Quest project captures around 1 Mt of COy per year (Duong et al., 2019) from the
Shell Scotford Upgrader, a mined oil sands extraction facility (Alberta Department
of Energy, 2020). This volume is transported to the Basal Cambrian Sandstone
saline aquifer for storage, with a cumulative volume of 27 Mt stored by the end of
the project lifespan (Alberta Department of Energy, 2020). The ACTL is a larger-
scale CCS system that currently captures 1.6 Mt of CO, annually and is projected
to capture 14.6 Mt of COs annually at full capacity (Cole & Itani, 2013). In this
system, CO, capture occurs at industrial emitters located near Edmonton, Alberta,
and the captured COs is used for EOR before permanent storage (Enhance Energy
Inc et al., 2020). The Quest and ACTL projects have demonstrated that CCS in
Alberta is feasible, but even at their maximum capacity they are not able to capture
and sequester enough COs to meet the most recent NDC target. While CCS has
significant potential, it is clear that increases in CCS capacity are urgently needed to
achieve Canada’s emission reduction targets.

The Government of Canada is supportive of increasing domestic CCS capacity. It
has committed to developing a comprehensive CCS strategy (Environment and Cli-
mate Change Canada, 2020, 2021b, 2022a) and is close to finalizing an investment tax
credit that encourages capital investment in large-scale CCS projects (Environment

and Climate Change Canada, 2021b, 2022a; Department of Finance Canada). The
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federal government has stated that it believes Canada has a comparative advantage
in CCS technology and has recently reaffirmed its support for advancing CCS de-
ployment (Environment and Climate Change Canada, 2022a). This support is also
reflected at the provincial level, with the government of Alberta announcing its inten-
tion to establish carbon sequestration hubs comprised of multiple industrial emission
sources (Government of Alberta, 2021). It is clear that the need for and support of

large-scale CCS is present at both provincial and federal levels of government.
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Chapter 3

Emission Sources

Large industrial CO, emitters in close proximity to each other are attractive for
the implementation of large-scale CCS due to greater economies of scale and lower
infrastructure costs. The Athabasca oil sands region is home to a number of these

emitters.

3.1 Emission Clusters

A large emitter is defined by the Government of Alberta as one with annual GHG
emissions of greater than 0.1 Mt (Government of Alberta, 2020). We use this as
the threshold for inclusion in the analysis and identify all oil sands facilities which
reported emissions greater than 0.1 Mt in 2018 to the Canadian Greenhouse Gas Re-
porting Program (GHGRP) (Government of Canada, 2021b). This list represents the
potential emission sources for the CCS system. Three of these facilities are excluded
from the analysis because they are located far away from the remaining facilities and

it would be economically unviable to include them in the CCS system. From among
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Figure 3.1: Large GHG emitters in the Athabasca oil sands region are shown here
with the size of each circle proportional to the facility’s GHG emissions in 2018. A
hub of 10 facilities (yellow) north of Fort McMurray is particularly attractive for
large-scale CCS due to their spatial proximity.

the remaining 29 oil sands facilities (Fig. 3.1), we identify a dense cluster of large
emitters north of Fort McMurray. These 10 facilities reported annual emissions of
37.86 Mt in 2018 (Government of Canada, 2021b) (Fig. 3.1), which represents 53%
of total oil sands emissions from large emitters. We study the feasibility of building a
CCS system around this cluster which is referred to as the CCS hub in the remainder
of the work. We focus on the CCS hub because the spatial proximity and large CO,
footprint of these emitters fits the criteria for being attractive for the implementation
of large-scale CCS. Ringrose et al. (2021) identifies CCS hubs such as this as a key

focus area in the effort to significantly expand CO, storage.

10
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3.2 Carbon Capture Technology

Some of the carbon capture technologies we consider for this system are pre-combustion,
post-combustion, and oxy-fuel combustion. We identify post-combustion carbon car-
bon capture (PCCC) as the optimal choice because it has been used on a global
scale and is the most widely used form of carbon capture technology (Chao et al.,
2021). In addition, it has been demonstrated at a commercial scale (Bui et al., 2018;
Liang et al., 2015), has a lower cost per unit captured compared to other technologies
(Mokhtar et al., 2012), and can be readily implemented at existing oil sands facilities
(MacDowell et al., 2010; Mokhtar et al., 2012; Zanco et al., 2021). PCCC with the use
of amine solvents and solid absorbents is considered to be ready for large-scale com-
mercialization (International Energy Agency, 2020; Kazemifar, 2021; Kearns et al.,
2021). This technology is known to have a capture efficiency of 90% (Pilorgé et al.,
2020; Porter et al., 2017; Zanco et al., 2021) and can be applied to approximately
88% of CO, emissions from oil sands operations (Ordorica-Garcia et al., 2011), as
emissions from operations such as on-site transportation and maintenance cannot be
captured. Thus, the amount of capturable emissions is R ~ 79% of total oil sands

emissions.

3.3 Emission Projection

Logistic growth models are commonly used to project the depletion of finite resources
such as hydrocarbons and groundwater. They have been applied to accurately forecast
the growth and decline of o0il production (Clark et al., 2011; Hubbert, 1956; Sorrell

& Speirs, 2019). We use a logistic growth model to project oil sands hydrocarbon

11
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Figure 3.2: A logistic growth model (red line) is used to project future oil sands
production in Alberta based on historical production data (black circles).
Production is projected to peak in 2038.

production until the end of the century based on historical production data from
1967-2020 (CAPP, 2021), which can then be used to project oil sands emissions until
the end of the century. The availability of COs is a crucial factor in the design of a
CCS system.

The model is of the form:

a - Voir - exp(a(tpear — 1))

o1 o exp (altpone — )7

(3.3.1)

where Qo is the annual oil production (1000s m?/year), V,; is the total volume
of recoverable oil (1000s m?), « is the growth rate (dimensionless), and #,eax is the
time at which annual oil production peaks. The logistic growth model perfectly fits
the historical annual production data (Fig. 3.2).

To project future CO, emissions associated with oil sands production, we calculate
the amount of COy emissions per volume of oil produced based on 2019 emissions

data (Government of Canada, 2021b). This gives an average oil sands COq emission

12


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/civil

M.A.Sc. Thesis — Y. Zhao; McMaster University — Civil Engineering

(a) — (b) 2500
— Total emissions
80 — Capturable emissions
2000
= 60 =
S S 1500
A A
Q 40 Q
o o 1000
20 500 — Total emissions
— Capturable emissions
0
2040 2060 2080 2100 2040 2060 2080 2100
Year Year

Figure 3.3: (a) Projected annual total and capturable COy emissions from the CCS
hub. Capturable CO, emissions peak at 65 Mt in 2038. (b) Projected cumulative
total and capturable COs emissions from the hub, which will reach 1913 Mt by 2100

intensity /oo, = 0.449 tonnes COy/m? oil produced. The projected annual total CO,
emissions and capturable CO, emissions due to oil sands production in the proposed
CCS hub are therefore given by Eiotal = Blco,Qoit and Eeapture = RFEiotal, Where
B8 = 53% is the ratio of CO, emissions from the CCS hub to the total oil sands
emissions in Alberta, and R = 79 % is the percentage of capturable emissions to total
emissions. The annual capturable COy emission from the CCS hub is projected to
peak at 65 Mt in 2038 (Fig. 3.3a). The cumulative capturable CO, emissions, which
represents the total supply of CO,, will reach 1913 Mt by the end of the century if

the CCS system begins operation in 2030 (Fig. 3.3b).

3.4 Storage Sites and Aquifer Parameters

While the large amount of emissions and resulting CO, supply from the CCS hub
represents significant potential for reducing Canadian emissions, it also poses several
challenges for storage options due to the sheer volume of COy to be injected and

special care must be given to identifying suitable storage formations. We apply the
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Table 3.1: Aquifer properties of the Nisku and Wabamun formations
(WorleyParsons, 2003; Szulczewski et al., 2012; Bachu et al., 2014a; Ghaderi &
Leonenko, 2015; Alberta Geological Survey & Alberta Energy Regulator, 2021).

Formation H k ) S D T Daq c
m] D] [ -] [m] [K] [mPa) [GPa’

Nisku 69 49.5 0.091 0.008 1960 338 19.3 0.4

Wabamun 183 42.7 0.128 0.007 1840 333 18.1 0.4

following criteria when examining potential storage formations: i) The formation
must be more than 1000 m deep, both at the location of injection and throughout the
extent of COy migration, to align with provincial regulations on COs injection; ii) the
formation should be thick and have high permeability in order to accommodate the
injection of large volumes of COs; and iii) The formation should be as geographically
close to the CCS hub as possible to minimize transport cost. We identify two saline
aquifers, namely the Nisku and Wabamun formations, as ideal storage sites. The areal
footprints of these formations overlap at the location of injection, which is desirable
since only one pipeline would be required to transport the captured COs.

The Nisku and Wabamun formations are both saline aquifers of the Devonian
period. They rise towards the east at an average slope of 7m/km in our study area
(Bachu et al., 2014a). The Nisku formation underlies the Calmar formation and
overlies the Camrose and Grosmont formations (Bachu et al., 2014a). The Waba-
mun formation underlies the Banff formation and overlies the Winterburn group (Al-
berta Geological Survey, 1994a; Bachu et al., 2014a). As mentioned previously, these
aquifers both have high permeability and average thickness values which make them
ideal for CO; injection and storage. The other relevant aquifer parameters are sum-
marized in Table 3.1.

Aside from the properties of each aquifer, the properties of the relevant fluids,
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namely supercritical COy and brine, at aquifer conditions also have an effect on
injectivity and storage capacity. Table 3.2 summarizes the fluid properties used in the
analysis. We determine the density of supercritical CO, using a correlation between
density, pressure, and temperature based on the method presented by Ouyang (2011)

(Eq. 3.4.1) where b; ; are correlation coefficients.

pa = Ao+ A1paq + Aspa@® + Aspaq® + Aapaq’ (3.4.1a)

A; = big 4+ baT 4 boT? 4+ bsT? + by T, i =0,1,2,3,4 (3.4.1b)

We also use Klyukin et al. (2017)’s empirical model (Eq. 3.4.2) to find the viscosity
of brine, which is a function of the pressure and temperature at aquifer conditions.
This model relates pi4 at a given pressure, temperature, and y to the viscosity of water

at the same pressure and an equivalent temperature 7™ using fitting coefficients a;

and b;.

1a(x, T,p) = pu0(T", p) (3.4.2a)
T" = e + eT (3.4.2b)

er = a;x™ (3.4.2¢)

eg = 1 — b1 — byy2T" (3.4.2d)
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Table 3.2: Fluid properties in the Nisku and Wabamun formations (Bachu et al.,
2014a; Ouyang, 2011; Heidaryan et al., 2011).

Formation — py, P Py [l g o
kg/m°] [kg/m’] [kg/m’]  [Pa-s] [Pa-s]  [mg/L]
Nisku 1180 1188 675  6.33x 107 5.25x10° 180000

Wabamun 1170 1178 686 6.70 x 107*  5.32 x 107° 170000

py is calculated using an equation from Heidaryan et al. (2011) (Eq. 3.4.3) where

A; are tuned coefficients.

. Al + Agp + A3p2 + A4ln(T) + A5ln(T)2 + Aﬁln(T)?’
Ha = 1+ Aup + Agln(T) + Agln(T)?

(3.4.3)

The density of brine is based on the total dissolved solids (TDS) content of each

aquifer and the density of water at aquifer conditions.
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Chapter 4

Pressure Considerations

The maximum allowable pressure in an aquifer is regulated and is generally a per-
centage of the aquifer fracture pressure. In Alberta, the aquifer pressure cannot
exceed 90% of the formation fracture pressure (AER, 1994). Injecting large amounts
of CO4y will cause aquifer pressures to increase, and this pressure increase must be
modeled to ensure that it remains under the regulatory limit. Apart from regulatory
consequences, exceeding the pressure limit may lead to negative geological impacts
on the aquifer itself including the enlargement of existing fractures, the creation of
new fractures, or the inducement of seismicity, which may lead to CO, leakage (Metz
et al., 2005). The buildup of pressure in the aquifer is a dynamic quantity that is
affected by the rate at which CO, is injected and can be a limiting factor on COq
storage. Even if an aquifer has enough capacity to store the cumulative amount of
CO, injected, it may not have sufficient pore spaces to accommodate the required
injection rate, which in our study is determined by the projected annual capturable
CO4 amount (Fig. 3.3a). An aquifer may thus have a smaller storage capacity that is

determined by the maximum injection rate which does not exceed the pressure limit,
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which is defined as the pressure-limited storage capacity (Bachu, 2015; Szulczewski

et al., 2012).

4.1 Pressure Limited Storage Capacity

To determine this pressure-limited storage capacity, the evolution of pressure in the
aquifer must be modeled over the injection period. We follow the lead of Bachu (2016)
in using the minimum stress pressure rather than the formation fracture pressure as
the maximum aquifer pressure, which has the benefit of avoiding the opening of
existing fractures in the aquifer in addition to preventing new fractures from forming.
Goodarzi et al. (2012) and Bell & Bachu (2003) report a minimum horizontal stress
gradient value of 20 kPa/m for the Nisku formation and we assume that this value is
also applicable to the Wabamun formation since the Wabamun directly overlies the
Nisku at this point and is comprised of the same rock type (Bachu et al., 2014a). We
apply the aforementioned regulatory limit of 90% to arrive at pressure limits of 35.3
MPa and 33.1 MPa for Nisku and Wabamun respectively.

We use a line-drive well array with closely-spaced injection wells, which allows
pressure evolution to be modeled in the perpendicular dimension to the well array
using a simple one-dimensional model while the dimension along the well array is
collapsed. The model is a partial differential equation based on conservation of vol-
ume and Darcy’s law (Eq. 4.1.1) (Pinder & Gray, 2008; Szulczewski et al., 2014).
While Szulczewski et al. (2014) have discussed the assumptions of this model, two
assumptions in particular should be noted here: i) the compressibility of CO, at
aquifer conditions is equal to that of the ambient brine which results in an overesti-

mation of the pressure increase and a conservative estimate of the pressure-limited
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Figure 4.1: (a) The model domains of the Nisku (orange) and Wabamun (green)
aquifers. The dotted line represents the injection well array where wells inject

alternatively into each aquifer. The solid lines represent the aquifer extents (orange

and green) and the data boundary (black), and the dashed lines represent the

1000-m depth contour line. (b) The depths of the Nisku and Wabamun formations
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storage capacity, and ii) uniform pressure along the well array (i.e. linear flow) is
assumed which is valid if the pressure equilibration between individual wells occurs
fairly quickly compared to the overall injection duration (Szulczewski et al., 2012).
The duration of pressure equilibration can be found using Eq. 4.1.2. A well
spacing of | = 2 km gives to, = 0.7 years. This value is much smaller than the total
injection duration of 71 years, which makes the assumption of uniform pressure along

the injection array valid.

P _ KO @ (4.1.1)

(4.1.2)

4.2 Boundary Conditions

The model domain is oriented such that the left and right boundaries are oriented
towards the west and the east respectively (Fig. 4.1a). At the left boundary, a strati-
graphic cross-section shows that the Nisku formation onlaps onto a dolomite forma-
tion, possibly the Duvernay, which then goes on to terminate against the Peace River
Arch (Alberta Geological Survey, 1994a). The Wabamun formation experiences a
discontinuity as a result of a geologic fault at the left boundary (Alberta Geological
Survey, 1994b). We thus assume no-flow boundary conditions for both formations at
the left boundary. We assume atmospheric pressure at the right boundaries of both

aquifers since they both reach sea level in the domain (Bachu et al., 2014a).
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4.3 Injection Rates

Equation 4.1.1 is solved numerically under the initial condition assumption of hy-
drostatic pressure with a finite difference method using fourth-order Runge-Kutta
time-stepping.

The COq injection flux ¢ = Q/(HW) controls the aquifer pressure increase, which
can be thus adjusted by changing @ and W. Equation 4.1.1 is solved iteratively to
obtain the minimum value of W that meets the aquifer pressure limit while allowing
for the entire annual capturable CO, amount to be stored. A minimum W value is
desirable to keep costs as low as possible.

The results suggest that 70% of the annual capturable emissions should be injected
into Wabamun and 30% should be injected into Nisku. The entire annual volume
can be injected during each year of the injection period while remaining under the
pressure limit with W=65 km. The aquifer pressures will increase with increasing
annual injection volumes until they reach a peak of 32.3 MPa for Wabamun and
31.4 MPa for Nisku in 2053, 24 years after the start of injection (Figure 4.2). A
three-dimensional computational model was not used due to the lack of certainty and
spatial coverage of the relevant hydrogeologic data in the study area, which mandated

the use of the one-dimensional model.
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Figure 4.2: (a) Annual CO, injection rates into the Nisku (orange) and Wabamun
(green) formations. The injection rates peak in 2038 due to the peak in emissions at
that point and decline thereafter. (b) Aquifer pressure evolution (solid lines) and
local maximum pressure limits (dashed lines) in the Nisku (orange) and Wabamun
(green) formations. Aquifer pressures are projected to peak in 2053 before declining.
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Chapter 5

Migration Considerations

The injected CO, will migrate upward due to buoyancy forces, which occur because
COy density is less than the density of the ambient brine under aquifer conditions.
The CO, will spread along the caprock as a gravity current, which may be risky
due to the possibility of encountering leakage pathways (e.g. faults and abandoned
wells). Trapping mechanisms serve to immobilize the CO4y and limit the extent of its
migration. These mechanisms include residual trapping, in which portions of CO,
are trapped by capillary forces at the pore scale, and solubility trapping, where COq
dissolves into the ambient brine and sinks to the aquifer bottom (Hesse et al., 2008;
MacMinn et al., 2011). It is necessary to model CO; trapping to ensure that the
migrating CO, is completely immobilized before it exceeds the regulatory storage
depth threshold beyond which COs storage is prohibited (Fig. 4.1).

In this study CO, migration is simulated using a one-dimensional sharp interface
model. These models are useful because they can simulate flow over large distances
with a lower computational cost than full numerical simulations (Bandilla et al.,

2019) and are able to model residual and solubility trapping (Hidalgo et al., 2013).
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The model used here is comprised of two coupled partial differential equations that
describe the evolution of the buoyant CO, current and the mound of COs-saturated
brine (the dense mound).

This model is expressed in dimensionless form (Eq. 5.0.1) where h, = hy/H and
fzd = hg/H are the local dimensionless thickness of the COq current and the thickness
of the dense mound, respectively. & = z/H is the dimensionless lateral coordinate
and 0 is the aquifer slope. S, is the connate water saturation, which accounts for
the fraction of pore spaces occupied by immobile brine in the wake of CO,. Sy, is
the residual gas saturation, which represents the fraction of pore spaces occupied by
trapped blobs of COs. Based on relative permeability curves of the Nisku carbonate
measured at reservoir conditions it is assumed that S,. = 0.3, Sy, = 0.3 for both

formations (Bennion & Bachu, 2008).

i 1 F iy (si Ohg, 77 oh
8{9 + (1= Spe — S, R) 9% 6(1 = fg)hg(sind — cos@a—;) + foha(sing + cosQa—;))] = —N,,
(5.0.1a)
Ohg 0 | :5 . oh eI oh N, )
8_; 0% [5fdh9(sm6 - 60598_;) + (1 — fa)ha(sind + cos@a—;))] = X—:l(l — Swe — Sy R),
(5.0.1b)

The discontinuous coefficient R accounts for the fact that residual trapping only
occurs where the CO, gravity current has been displaced by brine. R = 1 if (‘ﬁzg Jot <
0, and R = 0 if Eﬁzg /0t > 0. fg and f, are dimensionless fractional flow functions (Eq.
5.0.2) where A\, = kkgy, /g, Ay = /1w, and Ay = k/pq are the mobilities of the CO,

current, ambient brine, and dense mound respectively. g, fy, (g are the dynamic
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viscosities of the respective fluid phases, and k, = 0.55 is the measured end-point

relative permeability of COy (Bennion & Bachu, 2008).

fo== : (5.0.2a)

hy(Mgy — 1) + ha(Mg, — 1) + 1
. haM,

fa= = ad , (5.0.2b)

hg(Mgy — 1) + ha(Mag, — 1) + 1

A
My, = £, (5.0.2¢)

A
My, = A—d (5.0.2d)

It is assumed that the dynamic viscosities of the ambient brine and the dense
mound are equal and thus My, = 1. Equation 5.0.1 contains dimensionless time
t=t /T., and the characteristic time T, is given by Equation 5.0.3 where Apg, is the

density difference between the dense mound and ambient brine.

Ho

T. = ——,
AaApawg

(5.0.3)

Finally, Equation 5.0.1 contains two additional dimensionless parameters ¢ and Ny
(Eq. 5.0.4). Apgy is the density difference between the buoyant CO, and the ambient
brine. g = ©XuO0ApawgAq is the volumetric rate of convective dissolution per unit
area of fluid-fluid interface (Szulczewski et al., 2012), where ¢ is a constant roughly
equal to 0.01 (Pau et al., 2010) and x, = 0.052 is the solubility of COs in brine,
expressed as the volume of free-phase CO, that can be dissolved per unit volume of

brine saturated with CO,.
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AAp
§ =L 5.0.4a
)\dApdw ( )
qd
Ny=—"—, 5.0.4b
T NApawgd ( )

We calculate y, as a function of the density of COs-saturated brine pg, the density
of supercritical CO5 py, and the mass fraction of COq x,,, (Szulczewski et al., 2012):

Pyg
pa can be calculated as a function of the molar mass of CO, M,, the density of
pure water p;,, and the apparent molar volume of CO; in brine Vj;, with V;, being a
correlation dependent on the aquifer temperature in degrees Celsius T, (Szulczewski

et al., 2012):

_ Pw
1- Xm(l - V¢PZ;/M9)

Pd (5.0.6a)

Vy = 37.51x107°% — (9.585x10 )T, + (8.740x107 ') T? — (5.044x10""*)T? (5.0.6b)

C

The initial condition for the migration model corresponds to the shape of the CO,

plume at the end of the injection period (Nordbotten et al., 2005; Juanes et al., 2010):
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Figure 5.1: Simulation of the COy plume profile in the Wabamun formation at the
end of the injection period. The volume of mobile CO4y decreases due to residual
trapping and solubility trapping. The vertical scale of the aquifer is greatly
exaggerated in the figure.

Myw _ 4
~ 7/l
hy = i T (5.0.7a)
gw
- Vco
[ = 2 .0.
SWH (5.0.7b)

where Vo, is the total volume of injected COs.

The model indicates that the stored CO5 in the Wabamun formation will be
completely immobilized by residual trapping and solubility trapping after about 11000
years. During that time, the CO, plume will migrate approximately 55 km to the right
and 9 km to the left of the well array (Fig. 5.2a). The injected COs in the Nisku aquifer
will be completely immobilized after about 6100 years and travel approximately 40
km to the right and 9 km to the left of the well array (Fig. 5.2b). In both cases, the
regulations surrounding CO, injection are complied with since the injected COy will

be fully immobilized before reaching the 1000 m depth contour line of the aquifers.
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Figure 5.2: (a) shows the CO; footprint in the Wabamun formation, where it
extends ~9 km to the left and ~55 km to the right before getting fully trapped. (b)
shows the CO, footprint in Nisku formation. The plume extends ~40 km to the
right and ~9 km to the left of the well array before getting fully trapped.
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Chapter 6

Pipeline Design

An extensive pipeline network is required to transport the captured CO, from the
CCS hub to the injection array. We choose to use a trunk-and-branch model to design
the pipeline routing, where smaller branch lines connected to each emitter feed into
a larger trunk line that connects to the injection array, because it has been shown
to provide efficiencies in cost and overall length compared to a traditional point-to-
point model (Kuby et al., 2011; Peletiri et al., 2018). The pipeline routing is limited
to existing rights-of-way for oil and gas pipelines to ensure that the pipeline only uses
land that is suitable for pipeline construction and operation and does not intrude on
sensitive areas (e.g. provincial or national parks). We use GIS software to generate
potential paths for the pipeline network and manually edit the potential network
configurations to arrive at the most efficient one (Edwards & Celia, 2018), defined as
the configuration with the shortest overall length (Fig. 6.1).

An important consideration in pipeline design is the diameter, which we determine
for each segment in the network based on the expected maximum CO, flow rate using

a modified Darcy-Weisbach equation given by McCollum & Ogden (2006) (Eq. 6.0.1).
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Figure 6.1: The pipeline network follows a trunk-and-branch model and consists of a
high-capacity trunk line (orange line) connecting the CCS hub (grey dots) to the
injection well array (dotted line) via smaller branch lines (yellow lines).
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3211 Q% L\
D, = = =max 6.0.1
) (W%OQ wl) (6.0.1a)
AP, = 6LQ (6.0.1b)

The maximum COs flow rate over the operational duration corresponds to the
sum of upstream flow during the year of maximum forecasted COy emissions. We
set the inlet and outlet pressures to 2100 psi and 1400 psi respectively for the trunk
line, as these are typical compressor outflow and oilfield delivery pressures (Edwards
& Celia, 2018). The branch line outlet pressure is also set to 2100 psi to align with
the trunk line inlet pressure. We set the inlet pressure for each branch line to equal
the outlet pressure plus AP;, which we calculate using Equation 6.0.1b where Q..

is the maximum CO4 flow in the branch line.
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Chapter 7

Economic Considerations

This CCS system will be a large-scale infrastructure project. We focus on the capital
expenditure of the pipeline network because it is likely to be the largest contributor to
the overall capital cost (Edwards & Celia, 2018). Since the COy capture equipment
will be installed at and operated by each individual facility, we assume that each
facility will cover the capital and operational costs associated with CO, capture.

All costs in this section are in 2025 Canadian dollars (CAD) unless otherwise
noted, since construction is assumed to commence in 2025. Costs originally presented
in U.S. dollars (USD) are adjusted for inflation using data from the U.S. Bureau of La-
bor Statistics (2022) and converted to present-day CAD using the average conversion
rate over the past five years (Bank of Canada, 2022). The Bank of Canada targets a
1-3% inflation rate (Bank of Canada, 2016) annually. Given the high inflation rates
in the current economy, we use 3% to escalate present-day costs to the equivalent in

2025.
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7.1 Pipeline Cost

We use the NETL CO, Transport Cost Model (USDOE, 2018) to model the capital

cost of pipeline construction. This value is calculated as

C = Qo+ L(ai_lDi + O[Z‘_QDp + ai_g), (711)

where «;_1,q;_o,a;_3 are empirical cost parameters determined by fitting the
equation to existing pipeline capital cost data (Parker, 2004; USDOE, 2018). Vari-
ous engineering inputs (Table A.1) affect the empirical cost parameters. The design
capacity of each segment is equivalent to the peak upstream CO, flow.

The pipeline network, consisting of the branch lines, the trunk line, and a pipeline
connecting the various injection wells, has a total capital cost of C$4.1 billion (Table
7.1). This number covers the costs of materials, labour, rights-of-way, damages, COx
surge tanks, a pipeline control system, and pumps but does not include operating

and maintenance (O&M).

7.2 Injection Well Cost

Another important cost consideration is the cost to drill the various injection wells
required as part of the array. The Nisku and Wabamun formations overlap at the
location of the injection array (Fig. 4.1b) which enables the use of an overlapping
well array. In this design injection wells are spaced 1km apart and alternatively inject
into each formation, which provides a significant saving in capital cost since only one
pipeline is required for injection into both formations.

COs will be injected into the Nisku and Wabamun formations along a 65 km
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Table 7.1: Key parameters and capital costs of each pipeline segment and the
injection array. Costs have been rounded to two significant figures.

o Capital Cost (2025 Capacity Diameter Length

Pipeline Type Cs) ( (Mt) (in) (km)
$42M 4.68 16 24
$8.2M 2.88 16 2
$19M 9.07 16 9
$12M 11.95 16 5
$74M 16.62 20 34

Branch $12M 29.53 24 3

lines $20M 3.65 12 14
$22M 8.31 16 11
$25M 11.96 16 13
$14M 2.53 12 8
$32M 14.49 16 17
$7.4M 19.32 20 2
$21M 33.81 20 8
$18M 0.67 8 15

| Trunk line | ¢ $3.43 64.90 48 467 |
| Injection array pipeline | $0.4B 64.90 42 66 |

Pipeline cost $4.1B

Injection wells $0.1B

Total capital cost $4.2B
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long linear well array (Fig. 6.1). Since the Wabamun formation overlaps the Nisku
formation (Fig. 4.1b), we design an overlapping injection well array such that only
one pipeline is required to connect each injection well. In this design the injection
wells are spaced 1 km apart and alternately inject into the Nisku and Wabamun
formations. This design represents a significant saving in capital cost over the use of
two non-overlapping well arrays as the capital cost of a pipeline is the largest driver
of the total cost.

The linear injection array is 65 km long and contains 67 individual injection wells.
The capital cost for an injection well in the Nisku formation has been estimated to
be C$1.2 million in 2009 (Nygaard & Lavoie, 2009) which is equal to C$1.7 million in
2025. We assume the same cost for an injection well into the Wabamun formation,
which is a conservative assumption since the Wabamun overlies the Nisku at this
point. The total capital cost of the injection wells is C$0.1 billion. The total capital

cost of the system is thus C$4.2 billion, which would be C$3.9 billion in 2022 dollars.

7.3 Cost Comparison

To compare pipelines of different lengths and diameters, the cost per inch of diameter
per km of length is a commonly used metric. Smith et al. (2021) identify the range of
capital costs for onshore CO; pipelines in 2019US$/in/mile from three sources, which
we convert to C$/in/km and escalate to 2025 costs (Table 7.2). Our pipeline network
costs C$148,000/in/km, which is within the cost range from the National Petroleum
Council (NPC, 2019). To provide additional context, the ACTL has an estimated

capital cost of $409,000/in/km (Cole & Itani, 2013).
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Table 7.2: Adapted from Smith et al. (2021)

Capital cost range (2025 C$/in/km)
Low Mean High Source
$17,988 | $52,289  $86,590 | Heddle et al. (2003)
$39,506  $50,993  $82,925 | USDOE (2018)
$79,080 | $113,600 $148,201 A NPC (2019)

7.4 Financial and Policy Incentives

As we mention previously, both financial and policy incentives are necessary to en-
courage the widespread adoption of large-scale CCS. It is commonly recognized that
a lack of reliable funding to offset the high capital cost is one of the biggest obsta-
cles to large-scale CCS (Alcalde et al., 2019; Boot-Handford et al., 2014; Budinis
et al., 2018; Ciotta et al., 2021). The CCS system we propose takes advantage of
several financial incentives recently introduced by the Government of Canada that
will help offset its capital and operational costs. The Net Zero Accelerator (NZA)
initiative aims to support projects that reduce Canadian GHG emissions (Govern-
ment of Canada, 2021c) and will provide up to C$8 billion towards this end. This
initiative is in perfect alignment with the goal of the proposed CCS system because
the decarbonisation of large emitters is a key targeted area for support. In addition,
the Government of Canada is finalizing an investment tax credit for CCS projects
(the CCS Tax Credit) that sequester more than 15 Mt of COq annually, which the
proposed system does. The draft legislative proposal provides a tax credit of 50% of
eligible expenditures related to acquiring CO, capture equipment between 2022-2030
and 25% between 2031-2040 (Department of Finance Canada). Tax credits for eligible
expenditures related to acquiring CO, transportation and storage equipment are also

available at 37.5% between 2022-2030 and 18.75% between 2031-2040 (Department
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of Finance Canada), which will directly benefit the facilities capturing COs as part
of the proposed system.

It is also widely recognized that a supportive policy environment is equally impor-
tant for the adoption of large-scale CCS (Alcalde et al., 2019; Béckstrand et al., 2011;
Budinis et al., 2018; Romasheva & Ilinova, 2019; Yao et al., 2018). The recently es-
tablished Clean Fuel Regulation requires a reduction in the carbon intensity of liquid
fuels produced and sold in Canada (Department of the Environment, 2020; Govern-
ment of Canada, 2022). While this regulation directly applies to primary suppliers of
liquid fuel (i.e. operators of facilities at which gasoline or diesel is produced) rather
than upstream producers of crude oil such as the oil sands extractors included here,
these producers are still incentivized to reduce the carbon intensity of their products
due to the opportunity to generate credits which can be sold to primary suppliers
and other parties to the regulation. The adoption of CCS is noted to be an attrac-
tive method to reduce the carbon intensity of fuels (Government of Canada, 2022).
At a higher level, the federal government has identified Alberta and Saskatchewan
as potential CCS hubs and desires to encourage further CCS deployment by elimi-
nating regulatory barriers and increasing public-private coordination (Government of
Canada, 2021a; Environment and Climate Change Canada, 2022a).

There are also incentives available at the provincial level. The Alberta government
recently announced that the provincial carbon price will increase to C$170/tonne by
2030 to remain consistent with the federal carbon pricing benchmark (Potkins, 2022).
Companies utilizing CCS technology are now also able to generate sequestration cred-
its under the provincial Technology Innovation and Emissions Reduction (TTER) reg-

ulation (Potkins, 2022), which offset emissions released into the atmosphere. These
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announcements incentivize participation in a CCS hub by both increasing the finan-
cial penalty for releasing CO, emissions into the atmosphere and enabling participants
to generate direct value via the sequestration credits.

A potential incentive for the establishment of a CCS system would be the creation
of a tax credit similar to the 45Q) tax credit established by the United States in 2018.
This tax credit provides a set credit amount per tonne of CO5 to emitters who capture
and sequester COs instead of emitting it into the atmosphere (Congressional Research
Service, 2021). While the establishment of a similar tax credit in Canada would not
directly impact the capital cost of a CCS system, it would represent an incentive
for participation in the system once it is operational. Since it is assumed here that
operational costs are borne by each emitter, such a tax credit would provide them
with an additional financial credit that directly addresses the operational costs of
capturing and storing CO,. A possible source of funding for such a tax credit would

be the revenue from the federal carbon price.

7.5 Economic Analysis

A private consortium may choose to fund the construction of the proposed pipeline
network. They would be able to leverage the federal CCS Tax Credit (Government
of Canada, 2021a), which provides a rate of 37.5% for the cost of purchasing and
installing eligible equipment incurred between 2022 to 2030. A tariff per tonne of
CO,, transported can be implemented once the pipeline becomes operational to offset
operational and maintenance expenses.

The federal government may also choose to finance the project completely, which

is feasible within the umbrella of federal infrastructure spending. This spending has
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risen over the past five years and is projected to continue to rise over the next six years,
with the Parliamentary Budget Officer (2022) projecting that the federal government
will spend C$32.36 billion on infrastructure in the 2026-2027 fiscal year compared to
C$22.778 billion in the 2020-2021 fiscal year. This sum is much greater than the cost
of the proposed CCS system, which would be further reduced by being spread over the
length of the construction period. The federal government has shown its willingness
to invest in large-scale infrastructure projects that address relevant issues such as the
GO Transit Expansion Project and the Ontario Line, with investments of nearly C$2
billion in each project (Infrastructure Canada, 2016). Since 2002, the government has
made investments of C$1 billion or more in six projects (Infrastructure Canada, 2016)
and has invested over C$129 billion since 2016 through the Investing in Canada Plan
with an additional C$51 billion to be invested over the next five years (Infrastructure
Canada, 2022). This shows that the federal government is willing to invest in large-

scale infrastructure projects and intends to continue to do so in the future.
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Chapter 8

Areas for Further Research

The majority of reservoir data in our study area is comprised of data points located
some distance away from the location of the injection array. This is likely due to
the data source being information obtained during the course of hydrocarbon explo-
ration, such as through well logs and drillstem tests. While this provides ample data
for regions that have been explored for hydrocarbon production, there is a lack of
data in regions that are located away from oil and gas reservoirs. This represents
a barrier when it comes to evaluating these regions to determine their potential for
CO, sequestration, particularly when modeling the pressure evolution and COs mi-
gration. Large-scale CCS systems would therefore benefit from data gathered in the
vicinity of the potential injection array, particularly permeability and porosity data
which can vary unpredictably across an aquifer. This data may enable the use of a
three-dimensional computational model instead of the one-dimensional model used
here.

We have evaluated the potential of CO, capture from the CCS hub, but the

remaining oil sands emitters that are not part of the hub (Fig. 3.1) may also be
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candidates for inclusion in a large-scale CCS system. These emitters were not included
in this work because they are located some distance away from the CCS hub, but
they still represent a significant source of emissions. While the mitigation potential of
the CCS system proposed here is significant it is not sufficient to reach net-zero and
more action, such as the inclusion of additional large emitters in a provincial-scale

CCS system, is required to reach this target.

8.1 Effects of Uncertain Parameters

There are two factors that introduce an element of uncertainty to our results: 1)
Some of the parameters used in our modeling are average/representative values for
the study area, and 2) The sheer length of time required for the injected COs to stop
migrating and become completely trapped. Here, we qualitatively discuss the effects
that changes to major parameters used in the modeling would have on our results,
namely the storage capacity and system cost. We also discuss some possible events
that could occur over the CO, migration period and their effects on our results, but
at a very high level out of necessity since it is impossible to make accurate predictions
over thousands of years.

The most important aquifer parameters are permeability, porosity, and initial
pressure. Variations in permeability and porosity have direct impacts on the storage
capacity. A higher permeability and/or porosity would result in a slower rate of in-
crease of aquifer pressure as the COs is injected, thus leading to an increased pressure-
limited storage capacity. This would indirectly increase the cost of the system as the
pipelines would need to be designed to a higher capacity. A lower permeability and/or

porosity would have the opposite effect.
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A higher initial aquifer pressure would result in a higher storage capacity as the
injected CO, would occupy less space. However, this may also necessitate a lower
injection rate due to a smaller permissible pressure increase over the injection period
before the fracture pressure is reached. Thus, it is likely that higher aquifer pressure
would result in a decrease in the injection rate but an increase in the amount of CO,
that can ultimately be stored in the same volume of space. This would likely reduce
the cost of the system as the maximum capacity of the pipeline can be lower. A lower
initial aquifer pressure would likely result in an increase in the permissible injection
rate and cost.

Other relevant aquifer parameters include thickness, temperature, salinity, and
depth. Higher thickness permits an increased injection rate (and thus higher storage
capacity). A lower thickness would result in a decreased injection rate and storage
capacity. Higher temperatures and salinities would decrease the storage capacity,
while lower temperatures and salinities would increase the storage capacity. The
initial pressure varies with injection well depth, with the effects noted above. These
effects would all indirectly affect cost through the required pipeline capacity.

There are also variables that affect the configuration of the pipeline network and
thus cost, either through pipeline length or capacity. The approval of new pipeline
rights-of-way could enable the use of a more direct route and thus lower the cost.
Conversely, if for any reason the use of certain rights-of-way is not approved, a less
direct route would need to be used and the cost would increase. Since the aquifers
slope upwards from the injection array to the emission sources, changes to the regu-
latory minimum CO, storage depth would either enable injection to occur closer to

the emission sources and thus decrease cost, or force the injection array to be located
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further away with a corresponding increase in cost.

Lastly, the maximum duration for CO, to become permanently trapped in our
system is 11000 years. Any number of events, both natural and anthropogenic, could
occur over this time frame that have an effect on our system. The effects of an-
thropogenic events would be primarily relevant during the injection period as it is
more difficult for events of this nature to have an effect on subsurface CO5. The
anthropogenic event with the largest potential impact is likely to be governmental
policy changes, whether favourable or unfavourable. Favourable policy changes could
include an increased emphasis on the need for emission reduction through CO, se-
questration as Canada approaches its 2030 emission reduction targets, which could
lead to stronger policy incentives that would enable CCS on an even larger scale.
Unfavourable policy changes could include disincentives against the construction of a
new pipeline due to public opinion.

Natural events are relevant throughout the entire injection and migration period
and take the form of natural disasters, which are becoming increasingly common due
to the effects of climate change. The primary natural disaster that would affect the
subsurface is an earthquake. Although the majority of seismic activity occurs at the
coast and Alberta is located inland, there is still a nonzero possibility of an earthquake
in Alberta before the COs is completely trapped. If this occurs during the injection
period, it would likely lead to a pause in CO, capture and injection while repairs are
carried out. If this occurs during the migration period, an earthquake of sufficient

magnitude could cause adverse effects on the aquifers.
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Chapter 9

Conclusion

The Royal Bank of Canada estimates that C$2 trillion must be invested over the next
30 years (Environment and Climate Change Canada, 2022a; RBC, 2021) to achieve
net-zero emissions. This sum is equivalent to C$60 billion per year, which is also
subject to increase with inflation. The most recent modeling suggests that a 491 Mt
gap remains between projected Canadian emissions in 2030 and net-zero emissions
in 2050 (Environment and Climate Change Canada, 2022b). The CCS system we
propose will sequester 1913 Mt of COs over the period between 2030-2100, based
on the projected capturable CO, emissions (Fig. 3.3) over that period from a hub
of large emitters in the Athabasca oil sands. This volume is less than the pressure-
limited capacity of the Nisku and Wabamun saline aquifers (Fig. 4.2) and can thus
be stored safely. The CCS system is projected to sequester 48.09 Mt of CO, in 2050,
equivalent to 10% of the projected emissions gap. The storage of this amount of CO,
will be possible at a total capital cost of 0.19% of the estimated investment required
to achieve net-zero. This shows that the proposed CCS system has the potential to

reduce CO, emissions at a level which far outweighs its cost.
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Our work provides a comprehensive framework which can be used to design and
evaluate future large-scale CCS systems. This framework is necessary because it
provides a holistic approach that considers all the elements of a CCS system that
are necessary for success, namely the capture, transport, and storage aspects, the
associated costs and financing, and the necessary regulatory and policy requirement.
Careful and due consideration of every element of a CCS system is necessary to ensure

the long-term success of the system.
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Appendix A

Pipeline Engineering Inputs

This Appendix contains the engineering inputs used for the NETL CO, Transport
Cost Model.

Table A.1: Engineering inputs used in the NETL CO, Transport Cost Model.

Parameter - Value Source
Annual CO, transported | Varies for each segment
Capacity factor - 100%
Pipeline length varies ArcGIS Pro
Pipeline diameter -~ varies Equation 6.0.1
Inlet pressure - 2100 psi Edwards & Celia (2018)
Outlet pressure - 1400 psi Edwards & Celia (2018)
Elevation change ~ Varies ArcGIS Pro
Ground temperature 5C Toogood (1976)
Pump efficiency 5% McCollum & Ogden (2006)
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