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INTRODUCTION

At the request of the COSIA Carbon Capture Conversion and Sequestration Working Group (CCCS WG)
Robert Craig of Sage Creek Consulting and Dave Butler of David Butler and Associates (“the
Consultants”) have jointly prepared the following Final Report.

The Consultants were asked to develop a capacity and economic model of CO2 volumes in the oil sands
region of North East Alberta. This model replicates a pipeline network in North East Alberta and
terminates at delivery locations in Alberta and one delivery point in Lloydminster, Saskatchewan. This
Study also sought to analyse and provide general guidance on key pipeline design considerations
including purity specifications, pressures, etc.

Lastly, this study sought to provide context for the CCCS WG through an evaluation of existing carbon
infrastructure and projects in Alberta and Saskatchewan. This analysis included, volumes and design
standards with a view to understanding potential physical connection and integration of Fort McMurray
infrastructure with existing CCS facilities in Alberta and Saskatchewan.

Special Notice to Readers: How to Navigate this CO2 Pipeline Network Report

The following Report is divided into three main sections, sections A, B and C. Readers of this Report are

encouraged to focus on those segments of the document which are of greater interest and focus.

Section A: Market Overview

This Section of this Report provides the reader with an overview and context for CO2 pipelines, and

more broadly CCUS in Canada and the world.

Included are analyses of CCUS projects and infrastructure, the status of technology deployment and

commentary on the “technology and market readiness” of CCUS. This Section also reviews design

elements which are unique to CO2 pipelines, including for example ultra-high pressure regimes.

Section A also provides technical research and recommendations concerning CO2 pipeline design and

design differences relative to natural gas pipelines, financial costs of CO2 pipelines, the status of CO2

pipeline regulation, and unique thermodynamic properties of CO2 and how these unstable properties

are heightened by changes to purity specification. Finally this Section provides market research of

existing and planned Carbon capture projects, and other sequestration delivery points, exist in Western

Canada and can potentially be geographically linked to the results of this Oil Sands GHG Study.

Section B: CO2 Transportation Model Parameters

Section B of this Report explains the technical parameters that underpin the Oil Sands CO2 Pipeline

Network model.
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This section includes a comparison of CO2 pipeline flow equations and the selection of flow equations

used in the Model. Pipeline pressure drop, CO2 volumes, phase behavior, density, velocities and

pumping are also included in this Section. Further, this Section includes a review of a range of CO2

pipeline cost information, O&M costs, and pipeline toll calculations. This section also provides an

overview of the logic used to determine pressure profiles, junction math and pipe diameters.

Section C: Network Model Overview

Section C of this report is written in the form of a “user manual” for the Network Model.

This Section describes basic navigation of the excel-based pipeline model tool. This includes highlighting

of the location of key input cells, calculation cells and model output. This section also describes the use

of multiple spreadsheet “sheets” that allow the model user to select simple one segment pipeline

scenarios or more complex network scenarios.
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A. CO2 PIPELINE DESIGN AND RESEARCH INFORMATION

1. DESCRIPTION OF EXISTING CO2 PIPELINES

The Figure 1 was prepared by Carbon Management Canada with geologic data from the North American
Carbon Capture and Storage Atlas. The figure provides a pictorial overview of carbon dioxide emissions at
source, pipelines, and targeted storage media throughout the geological substrate of the WCSB.

Figure 1: Notional Capture, Pipeline and Storage

1.1. Research on Existing and Planned CCS Projects in the US

1.1.1. North Dakota Gasification and Pipeline to Weyburn

The Great Plains Synfuel and Pipeline Project, located near Beulah, North Dakota, is a commercial scale
gasification plant operating in the United States that produces Synthetic Natural Gas (SNG) from coal. The
plant is owned and operated by Dakota Gasification Company (DGC), which is a subsidiary of Basin Electric
Power Cooperative (BEPC), based in Bismarck, North Dakota. (1)

The pipeline includes 330 kms of 14” and 12” carbon steel pipe, which was designed and specified as a
“sour” pipeline, containing H2S.

This pipeline extends through western North Dakota and southern Saskatchewan to the Cenovus
Weyburn Enhanced Oil Project. Design MAOP (maximum allowable operating pressure) is 2700 psig in
the first half of the pipeline up to Tioga, and 2964 psig the rest of the way.

Pipe thickness is 0.375”, except at road, railroad, and water crossings, where 0.500” or 0.625” wall
thickness was used. Stainless steel or other exotic metals were not necessary, because the lack of water
in the CO2 makes it a non-corrosive fluid.

Additional costs for this pipeline include crossings of the Little Missouri River and Lake Sakakawea, the
latter of which is 5 kilometers long. At the shore line the pipe was buried and covered with rock to prevent
erosion, but under the lakebed the pipeline was simply laid along the bottom of the river or lake bed.
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Figure 2: North Dakota CO2 Pipeline

These pipeline construction and operating environment and resultant costs likely understate costs applied
in a Canadian regulatory context.

Remotely operated main-line valves are located on either side of these water crossings, as well as
approximately every 30 kms overland, to facilitate quick isolation and to minimize the impact of a leak. In
total, there are 12 of these intermediate valve stations.

Determining costs for the pipeline portion of this project is a challenge. One author suggests a capital cost
of $130M Cdn in the year 2000. This likely does not include operating costs.

1.1.2. Kemper County

The Kemper County CCS Project is described in the Global CCS Institute as an energy facility is on stream

with construction and commissioning activities now completed.

The source of CO2 is an Integrated Gasification Combined Cycle (IGCC) project is in Southwestern

Kemper County approximately 32 km north of the town of Meridian, Mississippi. Capture is achieved

through a physical a physical solvent-process (SelexolTM) sufficient to reduce CO2 emissions by up to

65 per cent by removing carbon from the syngas during the gasification process and will result in

capture of approximately three Mtpa of CO2. (2) Cost over-runs have hampered the project and the

capture portion is now on hold indefinitely.
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Figure 3: Kemper County IGCC Project

Included in the project is a 98 km 16-inch diameter CO2 pipeline from the plant to connect with an

existing CO2 pipeline system near Heidelberg, Mississippi.

The end user of the delivered CO2 will be Denbury Resources, which will utilize the plant's CO2 for

enhanced oil recovery purposes.

The regulatory process for this project commenced in 2004, with commercial negotiations and funding

approvals through to June 2010. Construction commenced in October of 2010.

1.2. Research on Alberta CCS Projects

The Alberta Government has a repository of high quality reports from companies who received

Government funding to build CCS projects. The following is a link to the CCS Knowledge Sharing

Reports: http://www.energy.alberta.ca/CCS/3848.asp

Given the restrictions on the use of these reports, none of these reports were referenced or utilized in

any way for this report. The reader is encouraged to review the materials in this website.

1.2.1. The Shell Canada Quest Project

The Shell Quest Project is a joint venture between Shell, joint venture owners Chevron Canada Limited
and Marathon Oil Canada Corporation. The project was supported by the governments of Alberta and
Canada. It is now majority owned by CNRL and still operated by Shell.
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Figure 4: Shell Quest Project Map

The project is described in a publicly available technical journal as a commercial scale, fully integrated
carbon capture and storage project and the first connected to the oil sands. Located in Alberta, Canada,
Quest is designed to capture and safely store more than one million tonnes of CO2 each year. This
represents one-third of the emissions from the Scotford Upgrader, which transforms bitumen into crude
for refining into fuel and other products. The Shell Quest pipeline is a 65-kilometer line that extends
North West to the Radway/Redwater region. (3)

Shell’s application to the Energy Resources Conservation Board can be found here. Further, a list of
regulatory approvals required by Shell is here.

Shell’s Application “proposed to design, install, and operate the CO2 pipeline as a high vapour pressure
(HVP) pipeline in compliance with the Pipeline Act, its Pipeline Regulations, and the Canadian Standards
Association (CSA) codes. It would use low-temperature carbon steel material with specific toughness
requirements.”

“Shell proposed to install seven ESD line block valves (referred to in this decision as ESD valves) on the
pipeline at a maximum spacing of 15 km and at all major water crossings. The ESD valves are hydraulic,
self-activated, and constructed of materials that are resistant to the low temperatures and high
velocities associated with the decompression of dense phase CO2. [96] In the event of a line break, the
ESD valves would be closed automatically by the supervisory control and data acquisition (SCADA)
system at the Scotford Upgrader. A pressure decrease to the low pressure set point of 9000 kPa and
trigger the ESD valves to close.”
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An Environmental Assessment - Shell Canada Limited Quest Carbon Capture & Storage Project -
Environmental Impact Assessment (EIA) and application for approval was found in the Open Alberta site.
Environment assessments are public documents. The terms and conditions for usage are found in the
following link. – Open Government Licence – Alberta (link) Shell has verified that the following
document is available for use. However, it has not been referenced in this report. It does contain useful
information. https://open.alberta.ca/publications/4921835

1.2.2. Enhance Energy Alberta Carbon Trunk Line

The Enhance Energy Pipeline is geographically located in central Alberta. It collects CO2 volumes from
the Heartland Industrial / Redwater region and deliver CO2 to the Clive region of central Alberta. The
NPS 16 diameter pipeline will extend 240 kms and link Fort Saskatchewan volumes to EOR fields in
central Alberta. (4)

Figure 5: ACTL Pipeline Project

Source CO2 volumes will be delivered from North West Sturgeon Refinery, resulting from hydrogen
production utilizing gasification technology. Additionally, CO2 volumes will also be supplied from an
Agrium owned fertilizer facility, also in the Heartland region. CO2 delivered volumes will be include 0.3
to 0.6 Mtonnes/a from Agrium, and 1.2 to 2.4 Mtonnes/a from the Sturgeon Refinery. This may suggest
a staging of volumes from the Agrium facility, followed by the upgrader volumes. The pipeline will have
a maximum capacity of 14.6 Mtonnes/a.

Enhance Energy received Canadian Environmental Assessment Agency approval for their project in 2009.

That material has now been archived. http://www.ceaa.gc.ca/052/details-eng.cfm?pid=49907#desc

Determining additional information on this project has been a challenge.
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1.2.3. SaskPower Boundary Dam Carbon Capture Project

The SaskPower Boundary Dam Project is well described by the CCS Project Database at MIT .The project
is based on coal feedstock from Unit #3 of the Boundary Dam Power Station, Estevan, Saskatchewan,
Canada. The project cost is more than $1.3 B, including retrofits of the original burners and
supplemental capital for process improvements. The project dame on stream in late 2014 and became
fully operational by 2016. (5)

Figure 6: Boundary Dam

The capture technology is post-combustion amine, which results in a high purity CO2 stream.

90% of the CO2 will be delivered to an EOR field in Weyburn, Saskatchewan. This field, owned by
Cenovus, has previously received CO2 from the Beulah North Dakota gasification project. 90% of the
SaskPower CO2 will be transported via a 66-km pipeline built by Cenovus. All CO2 not contracted by
Cenovus will be transported to the Aquistore project, 2 km away.

1.3. Research on Potential Market Linkages

1.3.1. Salt Caverns in the Edmonton Region

ATCO Energy Solutions is managing salt caverns which are located 12 kms west of Bruderheim in the
Alberta Industrial Heartland area. Heartland Energy Storage operates 2-6 subsurface storage media for
hydrocarbon liquids including propane, butane, ethylene and condensate.

Salt caverns are unsuitable for CO2 storage and has not been contemplated, since the storage locations
are likely not of sufficient depth to support CO2 storage in liquid form, and the nature of this storage is
seasonal, rather than permanent geological storage. Consultants do not recommend further assessment.
(6)
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1.3.2. CO2 Gas Hydrate Storage in Conventional Gas Reservoirs

This potential storage media has been studied extensively from an academic perspective, specifically at
the Carbon Management Canada research institute, located in Calgary. Scientists including Kirk Osadetz
and Don Lawton, with support from academic researchers, have undertaken some assessment to map the
geologic profile of this storage media.

Consultants are unqualified to comment on the technical or geotechnical feasibility of this storage media.
However, this opportunity is intriguing for the following reasons;

 The total storage potential for this media is an order of magnitude larger than conventional
storage; as few as 10 gas reservoirs may have
storage of as much as 10 Mtonnes of CO2.

 Temperatures (0 – 12 C) and pressures (40
Bar) may be more ideal for CO2 sequestration

 Gas reservoir target locations are
geographically located very near (~50 kms)
to the Oil Sands region. As a result, pipeline
and compression costs can be minimized

Figure 7: Storage Potential Near Fort McMurray

COSIA is currently investigating (through another GHG-EPA led study) of gas hydrate reservoir storage.

This study is anticipated to be completed in Q2, 2017 and will be an important complement to the current
Oil Sands Carbon Infrastructure Study.

THE STORAGE POTENTIAL MAY BE AN ORDER OF

MAGNITUDE LARGER THAN CONVENTIONAL

MARKETS AND PIPE DISTANCES WILL BE

MINIMAL
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1.3.3. Gas-Over-Bitumen Storage of CO2

Gas-Over-Bitumen is a large and complex issue involving determinations of the relative value of natural
gas and vast oil sands resources in the Wabiscaw/Fort McMurray region. A variety of oil sands producers
sought to prove that up-dip natural gas production was or had the potential to result in compromised
production of oil sands resources, through geological communication between these two valuable
resources.

The Gas Over Bitumen issues first arose in 1996 when the Energy Utilities Board received a submission
from Gulf Canada Resources Limited (now Conoco Phillips, Inc) requesting that the Board order the shut-
in of associated gas production on its Surmont oil sands leases. The EUB ordered the shut-in of a
majority of the natural gas. Subsequent to the Surmont decision, in 2003 the EUB issued a decision to
what is referred to by many as a ‘blanket shut-in’ of natural gas wells within a specified application area.
The decision was made using information collected over the six years and included; geological studies,
past case studies, economic analysis and input from both the gas producers and oil producers. The Gas-
Over-Bitumen issue covers a vast region of North East Alberta.

Figure 8: Gas Over Bitumen Area of Concern

In a University of Alberta paper, Joseph Doucette of the University of Alberta provided an opinion and
commentary on this issue. The Oil Sands companies who sought an injunction to protect their leases and
oil resources through a shut in of natural gas production included Sunshine Oil, Athabasca Oil, Paramount
Resources, Conoco-Phillips, and Canadian Natural Resources and others. (7)

Lease areas impacted included the Athabasca Oil Sands area, the Cold Lake Oil Sands area, and the Peace
River Oil Sands area. A summary and detailed information on each shut in order is provided by the Alberta
Energy Regulator under Rules and Directives regarding Bitumen Conservation. (8)
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The Consultants are not able to provide granular detail of individual decisions and lease areas, but clearly
the geographic extent of this issue is broad. Natural gas resource pools and fields may be ideal candidates
for the COSIA companies to undertake further study of CO2 storage in some of the described gas
reservoirs. The EUB would need to make a through regulatory and determination that CO2 storage does
not impact the future production of these natural gas assets.

Further, CO2 storage may result in additional re-pressurization of natural gas pools and may result in
conservation or incremental oil production. Clearly these statements are speculative at this time. The
consultants have mapped a pipeline network in the oil sands region and have assumed a notional single
delivery location to a gas reservoir. This pipeline
connection is 50 kilometers in length, and would
provide very low transportation costs to a multitude
of Gas-Over-Bitumen target delivery nodes. The
Consultants recommend utilizing the “Generic”
pipeline connector model for COSIA companies
investigating this option/scenario.

Additional analysis is required to link the source CO2

locations provided by the COSIA companies and incorporated in the Consultants Oil Sands CO2

infrastructure study.

Figure 9: Gas Over Bitumen Opportunities

Gas over

Bitumen

GAS OVER BITUMEN STORAGE OF CO2 HAS

GREAT POTENTIAL WITH MINIMAL PIPELINE

LENGTHS. REGULATORY CHALLENGES MAY

DELAY THIS DELIVERY OPPORTUNITY.
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2. REGULATORY CONSIDERATIONS FOR CARBON DIOXIDE PIPELINES

2.1. Pipeline Regulations Alberta

In 2014, the Government of Alberta released the Alberta Regulatory Framework Assessment. (9) This

enormous undertaking received the support of industry and international experts, after 2 years of

consultations and committee work. The RFA has formed the basis for CCS policy and regulation in

Alberta, and is regarded as an excellent framework for jurisdictions outside of Alberta, including

internationally.

The Regulatory Framework Assessment has established the principles for CO2 infrastructure and pipeline

development in Alberta.

“In Alberta, CO2 pipelines are regulated by the ERCB under the Pipeline Act. Regulatory requirements for

CO2 pipelines generally cover important design elements such as: size, materials selection, design

pressure, resistance to degradation, protection from damage, appropriate monitoring facilities, safety

systems and siting considerations.

Under the Energy Resources Conservation Board

(ERCB) Directive 056, an application for a CO2

pipeline is considered non-routine. Such a

designation triggers an in-depth review of the

application. The review also considers the

anticipated concentrations of impurities in the CO2

stream, and limits may be placed on impurities based on project-specific criteria.”

1.1. Pipeline Material Standards

Further, the RFA Document States: “The Pipeline Regulation contains the technical requirements for

pipelines in Alberta, including those recommended in the latest published edition of several Canadian

Standards Association (CSA) standards, particularly CSA Z662.22. This detailed and descriptive standard

allows for engineering judgment to address site-specific issues and incorporate improvements to

materials and design techniques. Even though CSA Z662 is intended to apply to CO2 pipelines used in CO2-

EOR schemes, the existing requirements and standards adequately address CO2 pipeline design,

operation and maintenance for large scale CCS projects.”

The IEAGHG CO2 Pipeline Infrastructure January 2014 IEA GHG Study and other studies confirm that in

Canada the design standard for a CO2 pipeline is contained in Canadian Standards Association (CSA)

Z662. Most Canadian pipeline applications refer to CSA 245.1, except in rare circumstances relating to

CURRENTLY REGULATORS HAVE LITTLE

EXPERIENCE WITH CO2 PIPELINES. THIS

IMPACTS TIMING AND COST
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ultra-low pressure pipelines. (10) The the following IEA GHG report as well. (11) Knoope provides some

comments on material selection in section 3.4.1 if his report. (12)

Table 1: Pipeline Material Costs

1.2. Regulatory Knowledge Gaps

The IEA-GHG Study observes that except in the U.S., most countries have little experience with CO2

pipelines, and that start-up, routine inspection, shut down and venting are unique and may differ

considerably from natural gas pipelines.

Finally, this study observes that “little information is publicly available on CO2 pipelines”.

The IEA-GHG Study observes that the regulatory and permitting regime for natural gas pipelines would

be adequate to regulate CO2 transport. Further, CO2 pipeline requirements are like those of high

pressure gas pipelines, except for:

 Regulatory agencies may be unfamiliar with CO2 pipelines

 CO2 pipelines “are not separated in the public mind from the perceived risk of geological

storage”

 Properties of CO2 gas result in different design parameters, risk contours and assessment

than for natural gas pipelines
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3. PLANNING AND DESIGN CONSIDERATIONS UNIQUE TO CO2 PIPELINES

3.1. Contrast between CO2 and Natural Gas Pipelines

One of the best sources on this subject is a report produced is 2010 entitled “Design and Operation of

CO2 Pipelines” by DNV (DNV Report). (13) The reader is encouraged to review this document.

One of the key differences between a CO2 and natural gas is the higher critical temperature required to

keep CO2 in the liquid or dense state. In order to keep CO2 in the dense or liquid state, higher minimum

pressures are required for CO2 pipelines compared to natural gas pipelines. (13)

Some examples of how CO2 pipelines differ from natural gas are:

 The CO2 depressurization characteristics dictate the use of crack arrestors.

 The carbon steel grade needs to be resistant towards brittle fracture because CO2 can reach very

low temperatures when expanded.

 Specific purity and water content specs for the CO2 suppliers to meet.

 Temperature and pressure according to single dense phase transport.

 Installation of ESD valves to limit CO2 release in case of leakage.

 Venting procedures need to include provisions for lofting and dispersing released CO2.

 Gaskets and other non-ferrous materials must be resistant to deterioration in presence of CO2.

(14) See also (10) for more information on this list.

The following table show some further difference between CO2 and natural gas pipelines. (15)
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Table 2: Comparison of Characteristics of CO2 and Natural Gas Pipeline
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3.2. Selected Properties of CO2

Section 2 above contains information on the properties of CO2. CO2 undergoes significant cooling when

it is expanded and solid particles can form at -79C. CO2 has a large Joule-Thompson coefficient. This

means it will rapidly cool if leaked to atmosphere. (16) The Joule-Thompson coefficient for CO2 is 1.0

compared to .7 for methane. (17) This CO2 typically forms a dense cloud at ground level. CO2 can be

toxic at fairly high concentrations. It reacts with water to form carbonic acid which corrodes metals in

the pipelines. Section 2.2 in the DNV Reports has further information. The following table was taken

from that report. (13)

Containments in CO2 can impact the fluid properties in a pipeline, but are not limited to:

 Toxicity

 Critical pressure and temperature

 Triple point

 Phase diagram

 Density

 Viscosity

 Water solubility

 Corrosiveness (13)

Table 3: Selected Physical Properties of Pure CO2

3.3. Key Design Components

As noted earlier, the Alberta Regulatory Framework highlights the following Key Design Elements for CO2

pipelines:
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 Pipe Size

 Materials selection

 Design Pressure

 Resistance to degradation

 Protection from damage

 Appropriate monitoring facilities

 Safety systems and siting considerations

The Energy Institute has documented numerous key CO2 pipeline design considerations. (17)

3.4. Nature of CO2 Pipelines and Operating Hazards

The thermodynamic properties of CO2 present unique temperature, pressure, phase behaviour and

corrosion from water drop out and in the presence of oxygen. These conditions are unique to CO2

pipelines.

Section 2 above also describes the impact of impurities on the physical properties of CO2 mixtures and

its impact on pressure drop in the pipeline. The following Table 4 shows other types of considerations

related to impurities.

Table 4: Main Issues Related to Various Components of CO2

The IEA has also documents key CO2 pipeline design considerations to help address CO2 hazards. (18) A

FEED study for the CCS Demonstration Project Janschwalde provided a lot of detailed information on

pipeline design and construction. (19)
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3.5. Safety

CO2 pipelines, as with other larger diameter hydrocarbon pipelines in Alberta must be regularly

inspected and maintained, and monitored 24 hours a day from a pipeline control center.

The DNV Report Recommended Practice J202 describes CO2 exposure limits for human health, driven by

industrial exposure limits from minutes to hours. (13)

Section 3 of the DNV Report has a good discussion of safety issues related to CO2. (13) This section also

deals with toxicity issues associated with CO2 and exposure limits. Section 2.5 of a GHGT-11 report

describes a few CO2 pipeline risks. (20) Chapter 4 of the Knoope report discusses health and safety risks

associated with CO2. (12) The Energy Institute has also identified numerous other hazards of CO2 and its

effect on pipeline components. (17)

3.6. Emergency Planning Zones

An emergency planning zone (EPC) is a geographical area surrounding the pipeline for which there must

be a specific emergency response plan, developed in consultation with residents and public land users.

3.7. Emergency Shut-down Valves

Emergency shut-down values operate to restrict the flow of carbon dioxide in the event of an

unintended release of CO2 into the atmosphere. ESD valve spacing is determined by a number of

variables, including and the presence of contaminants that impact human health. Hydrogen sulphide is a

key example. The location and frequency of ESD valves is entirely dependent upon each CO2 pipeline,

and for example may be more frequent in more densely populated areas.

The Beulah North Dakota pipeline connecting to the Weyburn and Midale EOR regions of Saskatchewan

has ESD valves located every 30 kilometers.

The Shell Quest Project describes ESD valves in an Application to the Energy Resources Conservation

Board. The Board confirmed that ”Shell proposed to install seven ESD line block valves (referred to in this

decision as ESD valves) on the pipeline at a maximum spacing of 15 km and at all major water crossings.

The ESD valves are hydraulic, self-activated, and constructed of materials that are resistant to the low

temperatures and high velocities associated with the decompression of dense phase CO2.”

The DNV report in section 4.6.3 describes the benefits of block values. (13)
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3.8. Block Valves

The DNV report in section 4.6.2 describes the benefits of block values. (13) Please see the following

reference for more information. (10)

3.9. Pumping

Section 6 above described the benefits and costs associated with pumping. Pumps are often limited to 2

MW in size. If larger capacities are required, then pumps are installed in parallel.

3.10. Inspection

The following reference provides some information on the inspection of CO2 pipelines. (14)

3.11. Topography and locational considerations

Table 10 above shows the rough cost impact associated with passing pipelines through different

terrains. Knoope describes a process for minimizing costs for pipeline options passing through various

terrains. (12)

3.12. Pigging

The DNV report in section 4.6.5 describes the benefits of pig launchers. (13) The primary purpose of pig

launchers/traps is to enable dewatering during commissioning and pigging either as part of the

commissioning or during operation.

4. PURITY AND CONTAMINANTS FOR CO2 PIPELINES

4.1. Implication of Select Contaminants for Pipeline Operation

Regulatory requirements for CO2 pipelines generally cover important design elements such as: size,

materials selection, design pressure, resistance to degradation, protection from damage, appropriate

monitoring facilities, safety systems and siting considerations.
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The IEA GHG study observes that corrosion of the pipeline steel can lead to leakage and or failure. Water

content should be maintained below 840 ppmv in North America, and offshore European may require

water content below 50 ppmv.

The NETL Policy, Legal and Regulatory Framework study cites key select contaminants in a CO2 stream

and describes CO2 pipeline compositions for “transport by point-to-point, single-use pipelines with a

case-by-case compositional specification. This type of specification could be envisioned similar to most

disposal pipelines in use today and could compositionally vary in dramatic fashion from pipeline to

pipeline”. (21)

The NETL Study describes development of a

standard composition with a larger North

American focus. Existing and future contracts

between sources and sinks would need to reflect

the “uniform” compositional standards.

The NETL Study describes that “nitrous oxide (N2O) or methane (CH4) raise minimum miscibility

pressures to a level often unacceptable for EOR end use. Sulfur compounds, especially H2S, for example,

are hazardous to humans and wildlife, and those concerns require robust source, sink, and pipeline

safety regimes. Oxygen content also affects the quality of CO2 pipeline streams. High oxygen

concentrations lead to microbial related corrosion of forged iron and steel. Oxygen also leads to

chemical reactions and aerobic bacterial growth downhole either within the injection tubulars or in the

geologic formation. As a result, the evolved specification has become an accepted concentration of less

than 10 or 20 parts per million (ppm).”

The Global Carbon Capture and Storage Institute (GCCSI) in a presentation to the Asia Pacific

Cooperation Forum, confirms that corrosion, high pressures, low temperature, high vapour density, and

detection issues are all unique to CO2 pipelines. (22)

4.2. Contaminants by Capture Process

Table 5 was taken from the DNV Report. (13) There are documents which also show the CO2

composition for various forms of carbon capture. (23) (24) (16) (17) There are several documents which

describe the impact of impurities on the phase of CO2. (17) (13) (23) (25) The literature also shows

various CO2 specifications. (23) The literature also shows justifications for limiting impurities and

defining CO2 specifications. (17) (23) (13) The literature lists various actual CO2 stream compositions in

CO2 pipelines. (20) (26) (23) The CarbonNet Project has also identified technically achievable impurity

limits which could be used to determine a CO2 specification. (27)

NETL RECOMMENDS A STANDARDIZED

COMPOSITION EXCEPT FOR “SINGLE USE”

PIPELINES
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Table 5: Indicative Compositions of CO2 Streams

Impurities can impact the minimum miscibility pressure of CO2 for EOR. (23) This report concluded that

limiting non-condensable to less than 4% is a reasonable purification limit in terms of the cost balance of

the CCS chain. This entire report is dedicated to discussing limits on impurities in CO2 pipelines. The CO2

pipeline for the Pioneer Project limited contaminates of less than 450 ppmv. (26)

5. PURITY EVALUATION OF CO2 PIPELINES IN CANADA

The Consultants undertook a comprehensive study of purity specifications relevant to this COSIA Study.

The following table highlights nine distinct carbon dioxide pipelines and a range of contaminant profiles.

Table 6: Impurity Specifications Matrix

Observed pipeline contaminants are determined by capture technology or end use requirements, rather

than pipeline requirements. Amine contacting provides for purity in excess of 98%, whereas gasification

technologies may be in a range of 95-97%. Oxyfuel and natural gas plant sources contain unique

contaminants not found from other capture processes.

mol.% Carbon Dioxide Hydrogen Methane Carbon Monoxide Oxygen H2S Argon Nitrogen Ethane Water Other

99.23% 0.65% 0.09% 0.02%

Kinder Morgan Spec > = 95% < than 5% < .00136% 0.025% < than 4% 0.064%

95.00% < than 1% < than 2% < than 1% < than 0.1% < than 1% < than 1%

SaskPower 98.00%

Norh Dakota Weyburn 96.80% 0.30% 1.10% 1.00% 0.80%

Keephills Coal Amine 99.955% 50 ppmv 450ppm

Generic Study 99.50% 0.50%

98.50% 1.00% 0.50%

Generic Natural Gas Plant (EERC) 98.00% 1.50% 0.10% 0.20% 0.20%

Proposed NETL Pipeline Standard 10-20 ppm 20-30pounds

98.12% per MMcf
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The Kinder Morgan Specification is an industry standard for both anthropogenic and naturally occurring

CO2. This standard observes generally that for captured CO2 volumes amine contacting provides the

highest purity, followed by pre-combustion and then oxy-combustion sources. (28)

Note that two pipeline specifications include hydrogen-sulfide gas, and the North Dakota Weyburn

Pipeline contains more than 1% H2S. In the event of a leak or a pipeline rupture, H2S may provide

greater human health impacts, depending on released-gas plume dynamics and dispersion. The North

Dakota pipeline received landowner feedback from normal operations protocols, and as a result the

additional efforts were undertaken to reduce these releases. (1)

5.1. Temperature and H2O Specification

Note that there is insufficient data to accurately conclude temperature profiles, especially as they relate

to discharge immediately downstream of inlet compression. Only 3 of 11 projects reported discharge

temperatures, and these were greater than 43 degrees C. Within a short distance of the discharge

compression the temperature stabilizes at 5-10 degrees C, due to heat dissipation into the ground

environment.

There is insufficient detail available to draw conclusions on water content, however this information is

readily available in international literature.

Section 4.4 of the DNV Report describes dewatering requirements related to CO2 pipelines. Section

4.8.3 of the same report shows a table of various proposed limits on maximum water content in CO2

pipelines. Section 5 of the DNV Report describes materials selection in the context of corrosion. (13)

Water specification and corrosion is also discussed in the context of impurities in the following report.

(23) The Project Pioneer pipeline proposed to limit water to 50 ppmv max. (26) The literature reports a

range of water content of 50 to 630 ppmv. (14) Knoope discusses failure frequencies associated with

corrosion for CO2 pipelines. (12)

The CO2 Europipe has completed an entire

comprehensive document describing risks related to

CO2 pipelines including corrosion. (29)

5.2. Hydrate formation

Section 4.5.11 in the DNV report describes hydrate formation, prevention and remediation. (13)

Hydrate formation is also discussed in the context of impurities in the following report. (23) Please see

the following reference for more information. (10)

AVERAGING OF ALL STUDIED IMPURITY

STREAMS = ~ 98% PURE CO2
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6. DESIGN CONDITIONS FOR CO2 PIPELINES IN CANADA

6.1. Maximum Pipe Design Pressures

Table 7: Design Conditions for Various CO2 Pipelines

The figure above illustrates pipeline pressure

information for 11 projects analysed for this Study. For

these projects, maximum pressures range as high as 260

Bar, and as low as 138 Bar for conventional pipeline

design.

The figure below accumulates the researched pipeline pressures in descending order.

Figure 10: Distribution of CO2 Pipeline Pressure (bar)

THE PIPELINES STUDIED HAD MINIMUM

PRESSURES GREATER THAN 138 BAR
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Of the pipelines researched, 82% maintained a pressure regime of greater than 138 bar. Removing

observations of pipelines with extremely low pipeline pressures, then 100% of the pipelines are greater

than 138 bar.

6.2. Pipeline Materials Specification

As discussed earlier, the material standard is CSA Z245.1. Pipeline grade and category generally are

consistent, although age of application and pipe grade varies by project.

6.3. Fracture Control

Section 5.5 of the DNV reports describes ductile fracture control and particular issues related to CO2.

(13) Fracture control is also discussed in the context of impurities in the following report. (23) Please

see the following reference for more information. (10) Fracture control is also a function of metal yield

strength. Knoope discusses this in section 3.4.1 of his report. He also describes pipeline failure rates in

table 4.2. (12)

6.4. “Sour” Pipelines containing H2S

Note that two pipeline specifications include hydrogen-sulfide gas, and the North Dakota Weyburn

pipeline contains more than 1% H2S. In the event of a leak or a pipeline rupture, H2S may provide greater

human health impacts, depending on released-gas plume dynamics and dispersion. The North Dakota

pipeline received landowner feedback from normal operations protocols, and as a result the additional

efforts were undertaken to reduce these releases.
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B. CO2 TRANSPORATION MODEL PARAMETERS

When estimating the cost for a pipeline several technical features of the pipeline must be provided or

estimated to determine the pipe diameter given the length, allowed pressure drop and mass flowrate of

CO2. Once these parameters are defined, then capital and operating costs for the pipeline can be

estimated. The following information has been used to find rough estimates for pipeline diameter and

costs and should not be relied on to make technical or costly economic decisions.

1. ESTIMATING PIPE DIAMETER

There are several equations which can be used to estimate the hydraulic performance of a pipeline.

These equations are used to determine the appropriate diameter for a segment of the pipeline. The

following describes the equations used in this study. Various documents provide different names for

the same equations.

1.1. MIT Formula

Several MIT (30) (31) reports related to CO2 pipeline cost estimation, provide the following standard

hydraulic equation. Knoope (12) on page 54 calls this the Hydraulic Equation. Ogden calls this on page 9

the Ecofys Model. (32) Serpa (24) describes this as equation 1a. This report has a similar equation

which includes the effect of height differences but uses the Fanning Friction factors divided by four. It

also describes several other equations. See reference (33) for more detail on this equation. A recent

South Korean techno-economic modeling study used a similar formula. (34) This equation is used in the

model to establish the diameter for each pipe segment.

(P1-P2) = 32Lfm2 / (π2ρD5)

Where:

P1 and P2 are the pressures in Pascals at the beginning and end of the pipe

L is the length of the pipe in metres

f is the Fanning friction factor

m is the mass flow rate in kg/s

ρ is the density in kg/m3

D is the diameter in metres

The equation described above can be rearranged to solve for the diameter of a pipeline. That equation

is:
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D= ( 32Lfm2 / [ (P1-P2)π2ρ]  ).2

1.2. Carnegie Institute of Technology Formula

Carnegie Mellon University (35) has published documents with equations which can be used to estimate

the diameter of a pipeline. Knoope (12) on page 54 calls this the McCoy and Rubin model. Serpa (24)

describes this as equation 1c. The denominator contains a term which accounts for changes in the

elevation of the pipeline between the beginning and end. Adjustment for height differences has not

been included in the model.

D = ( -64ZRTfm2L / [ π2M(P2
2-P1

2) + 2gPave
2M2dh ] ).2

Where:

Z is the compressibility defined as PaveM/ρRT 

Where Pave = 2/3( P2+P1-P2P1/[P2+P1] )

M= Molecular weight

ρ is the density in kg/m3

R=8.3145

T= Temperature in kelvin

g= Gravity Constant = 9.81 m/s2

dh= h2-h1= Height2 – Height1 in m

1.3. Extensive Hydraulic Equation

Knoope (12) on page 54 calls the following equation the extensive hydraulic equation. Knoope considers

this to be the most accurate equation since it yields diameters similar to the commercial pipeline

simulation tool PIPESIM. Piessens (36) also describes this equation in some detail. However, Knoope

maintains that the range in diameters seen in the literature for similar pipelines is mainly caused by

differences in parameters used in the equations not the accuracy of the equations themselves.

D= ( [ 410/3 N2 m2 L ] / [ 3.14152 ρ2(dh +(P2-P1)/(ρg) ]  )3/16

Where:

N = Manning Friction Factor = .009 (36)

M =The mass flow rate in kg/s

L = Pipeline length in metres

Ρ = The density of CO2 in kg/m3

P1 and P2 are the pressures in Pascals at the beginning and end of the pipe
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G = Gravity Constant = 9.81 m/s2

Dh = h2-h1= Height2 – Height1 in metres

1.4. WorleyParsons

WorleyParsons (37) published a report for the Austrian government on the estimated size of CO2

pipelines given distances and mass flow rates. They used the Aspen HYSYS model version 6.5 with the

PIPESYS extension. The data supplied can be approximated by the D = (7.7+.009L)m.38 where diameter

here is in inches. Length is in metres and m is the mass flowrate in kg/s.

There are however only a few standard pipe diameters. Once a diameter is estimated, it can be rounded

up to the next largest standard pipe size. This insures that the pipeline is overbuilt a bit to insure that it

will perform within required limits.

2. PIPELINE FLOW PARAMETERS

2.1. Pressure

P1, the inlet pressure to a pipeline, must be high enough that at all places in the pipeline CO2 remains in

a dense liquid or supercritical state and not in a two-phase or gaseous state. Generally this means that

CO2 pipelines will operate at pressures greater than natural gas pipelines. If the pressure drops too

much, additional pumping may be required along the route, or the diameter or initial pressure may need

to be increased. However, increasing the diameter to avoid two phase flow, due to pressure drop, will

increase the stress on the pipeline and if wall thickness and steel grade remain constant, then the

operating pressure may need to be reduced to maintain the allowable operating stress.

Figure 11 provided by DNV (13) shows the typical pressure and temperature region CO2 pipelines should

operate in. At a temperature and pressure above the critical point, CO2 will exist as a supercritical fluid.

At pressure above the critical pressure but below the line defining when CO2 will be a solid, CO2 will exist

as a dense fluid. Below this critical pressure but above the saturation line, CO2 will exist as a liquid.

2.2. Gaseous and Liquid States

It is important to avoid two-phase flow. Firstly, collapsing bubbles can erode the pipe wall. Secondly,

vapor bubbles in the liquid, due to boiling, can cause turbulence and damage the pipeline. Thirdly, two-

phase flow is difficult to handle in compressors and pumps. Finally, two-phase flow also reduces the

mass flow rate or capacity of the pipeline compared to CO2 in the liquid phase. (12) Two-phase flow also

can also cause slugging and cavitation in pumps and compressors. (16)
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Knoope concluded, “From a chain perspective, gaseous CO2 transport can have lower levelized costs

than liquid CO2 transport point‐to‐point pipelines as well as for simple networks. Gaseous CO2 transport

seems to be especially interesting for small CO2 mass flows on a close distance from a depleted gas field

with a low reservoir pressure. The reason for this is that the lower initial compression costs compensate

the higher pipeline costs. However, for storage reservoirs with a high reservoir pressure (like aquifers),

liquid CO2 transport is more cost‐effective than gaseous CO2 transport.” (12)

The ground temperature will eventually drive the CO2 temperature in Alberta to about 5C. It is assumed

that the pipe temperature will remain constant, at 5C, over the length of the pipeline. This may not be

valid and a more detailed modelling effort in the future may be required to address changes in

temperature. Several studies assume a pipe temperature of between 10 and 25C. (12)

In order to operate as a dense liquid the pressure therefore needs to be above the saturation line to

avoid the creation of vapor. When CO2 is delivered into the pipeline it may be at a higher temperature

than the ground. In order to keep it in the fluid state, the pressure in the model is assumed to be

greater than 8,000 kPa or about 1,160 psi. This a fairly safe pressure in that it will be above the vapor

phase for various temperatures and CO2 compositions as described below. This is important because if

CO2 is injected into the system at 30-50C from the carbon capture plant, the CO2 may be in the vapor

phase unless the minimum pressure is maintained above 100 bar. Many studies assume a minimum

pressure of between 80 and 103 bar. (12) (34) If the CO2 is assumed to be pure and the temperature at

all points in the pipeline is 5C then the operating pressure could be reduced to about 50 bar. However

this may be below the injection pressure required at the end of the line.

Figure 11: CO2 Temperature Pressure Diagram
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P2 is the minimum pressure specified to allow the CO2 to be injected into the ground. If this pressure is

relatively high, there may not be sufficient pressure drop through the pipeline to optimize pipeline

costs. Therefore, it may be necessary to pump the CO2 along the route and/or at the end of the pipe to

a higher pressure to optimize the pipeline characteristics. The maximum pressure will however be

limited by the physical properties of pipelines. As shown below this maximum pressure is about 350

bar. The Enhance Alberta Carbon Trunk Line has a maximum operating pressure of 2,600 psi or 17,900

kpa. (38) The model assumes a maximum operating pressure of 15,000 kpa. The maximum operating

pressure of the main lines is only 14,500 kpa. This allows the inlet pressure of the laterals to be greater

than the mainline so CO2 will flow from the plants to the mainline through the laterals.

2.3. Flow and Friction

Friction factor f is estimated (39) by ( 1 / (4 X Log(D/E) +2.28 )2 This is a valid equation for the Reynolds

number for the flow in the pipeline. This is the Fanning friction factor. Unfortunately these equations

are a function of diameter, the characteristic the hydraulic equation one is attempting to determine.

For this reason an estimate of D is taken from the Worley Parsons equation which does not rely on the

friction factor. Knoope (12) on page 57 suggest that the Fanning friction factor should range between

2.46 and 4.06. Knoope (12) on page 58 lists numerous other friction factor equations.

Z is the compressibility and Ogden (32) suggests this value should be about .25. See definition above.

E here (40) is defined as the roughness of the material in m = .000457. Knoope (12) on page 57 suggest

that this value should range between .00045 and .001.

Density or ρ is a factor of many variables including temperature, pressure and contaminants.  One of the 

key issues is whether to operate the pipeline either in the gas phase or in the fluid phase. Operating in

the pipeline in two phases is not considered wise. Various sources make the claim that it is most

efficient and economical to operate pipelines in the supercritical or dense phase. The CO2 in the fluid

phase has a density of a liquid and the viscosity of a gas. (23) UC Davis provides some equations to

represent the density of CO2 as a function of temperature and pressure. (32)

2.4. Density

The density of CO2 (31) is estimated as 884 kg/m3. Figure 12 provided by DNV (13) shows how CO2

density changes with pressure and temperature. At 5C the density will be about 1,000 kg/m3 at 150 bar

roughly the average pressure of the pipeline. Figure 12 shows that for a given pressure, decreasing the

temperature will increase the density increasing the capacity of a given pipeline. If the pressure remains

as expected, between 80 and 250 bar, for 10C changes the density will change by about 100 kg/m3. In

addition for a given pressure near 10C, increasing or decreasing the temperature by 10C will cause the

density to vary by less than 50 kg/m3.
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At the inlet of the pipeline the temperature and pressure may be fairly high. The Project Pioneer

maximum temperature was 50C. It also had a maximum pressure of 14.8 MPa. (26) If the temperature

is 50C and the pressure is at least 250 bar, then the density will be about 800 kg/m3. At the end of the

pipeline the temperature may drop to 5C and the pressure may decrease to 80 bar. For these conditions

the density may be about 1,000 kg/m3. Therefore the density of CO2 would increase along the pipeline

network if the temperature drops from say 50C to 5C even if the pressure drops from 250 bar to 100

bar. A density of 1,000 kg/m3 was used for modeling purposes assuming a temperature of 5C and a

pressure between 80 and 200 bar.

Figure 12: Density of CO2 as a Function of Temperature and Pressure

As shown below in Figure 13 if CO2 is provided at a relatively high temperature it may take a rather long

distance to drive the temperature in the pipeline to ground temperature. Figure 13 also shows that the

composition of the CO2 can have a significant effect on the pressure drop across the pipeline. Impurities

seem to cause the pressure to drop quicker than pure CO2. This will cause the density to decrease

quicker decreasing pipe capacity. However, the temperature of the pipe may decrease quicker with

impurities, tending to increase the density. It is not certain how much impurities will affect the capacity

of the pipeline over the network. Therefore detailed modeling using equations of state for impure

forms to CO2 may be required to answer this question. (16)
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Figure 13: Impact of CCS Technologies on Pipe Conditions

2.5. Impurities and Impact on the Phase Diagram

Impurities in the CO2 can also impact CO2 density for a given temperature and pressure. Figure 14 and

Figure 15 show that 2 mol% of various impurities will change the density from pure CO2 by less than 50

kg/m3 for a given temperature. The addition of many impurities will decrease the density of CO2 and for

all things being equal, will decrease the capacity of the pipeline and may require an increase the pipe

diameter or more compression compared to pure CO2. Some impurities such as NO2, SO2 and H2S may

result in a lower pressure drop than pure CO2 and may help reduce the cost of the pipeline. (23)

Figure 14: Effect of Impurities on the Density of CO2 as Temperature Changes (17)
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Figure 15: Effect of Impurities on the Density of CO2 as Pressure Changes (17)

The following Table 8 shows how the diameter changes as the density changes over the range which

could exist in a reasonable CO2 pipeline. As shown above Figure 12, the density at the inlet may start at

800 kg/m3 and may go to 1,050 kg/m3 at the end of the line. Table 8 shows the diameters calculated for

a 1 and 4 Mt CO2/yr mass flowrate for a 100 and 400 km pipeline. As the density increases, the diameter

of the pipeline will decrease. However, the effect of change in density is so small that it will likely have

little impact on the standard pipe diameter chosen.

The assumption in the model is that temperature will fairly quickly converge on the ground

temperature. Therefore using an average temperature of 5C, which is roughly the average ground

temperature at the pipeline depth, to establish the density for the whole pipeline is reasonable for a

simple model.

Table 8: Impact of Density Change on Pipe Diameter

Figure 16 shows the impact of common impurities on CO2 phase diagram. The dark blue line suggests

that if the pipeline operates at 5C and above 50 bar then pure CO2 will be a fluid in the pipeline.

However, if other impurities are present in the CO2, the pressure of the pipeline may have to increase

well above 50 bar to keep the CO2 in a liquid state at 5C. When for example, 5% N2 and CH4 are present

at 5C the pressure will need to remain above 80 bar. However, when 5% H2 is present the pressure of

CO2 at 5C must be above 130 bar to make sure the mixture will remain in the fluid state. 80 bar was

Length 100 km Density (kg/m3) 400 km Density (kg/m3)

800 1000 1050 800 1000 1050

m (Mt/yr) 1 8.0 7.7 7.6 1 10.5 10.1 10.0

4 13.7 13.1 13.0 4 18.0 17.2 17.0
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chosen as a minimum pressure in the model to insure that pure CO2 with a temperature of 5C will

remain as a fluid.

Figure 16: Effect of Impurities on CO2 Phase Properties (13)

The following shows the phase diagram for several likely CCS cases. It suggests that for some of the

technologies the minimum operating pressure of a pipeline should be above 80 bar to make sure the

CO2 is in the liquid phase.

Figure 17: Phase Diagraph for CCS Cases

2.6. Velocities

The velocity of the CO2 in the pipeline should be monitored. At high pressure drops, the density

decreases and the velocity of the CO2 increases. If the velocity increases too much it may ultimately lead



36

to a ‘choking’ condition. Therefore if the velocity in a pipe section is too high, the diameter of that

section may need to increase or booster stations may be required. (25) If the velocity gets too high it

can cause erosion, vibration and damage to the pipeline. (12) The most cost effective velocity range is

between 1.5 and 4.0 m/s. Many of the studies surveyed have velocities in this range. An upper limit of

6 m/s is assumed for liquid transport. (12)

Table 9: Summary of Key Physical Assumptions

Assumption and Unites Value

Pipeline Temperature (C) 5

Max Inlet Pressure (kpa) 15,000

Max Mainline Pressure (kpa) 14,500

Pressure at Split (kpa) 12,000

Maximum Pumping Delta P (kpa) 3,000

Minimum Pressure (kpa) 8,000

CO2 Density (kg/m3) 1,000

Maximum Pumping Delta P (kpa) 3,000

Purity of CO2 >98%

3. COMPARISON OF ALTERNATIVE HYDRAULIC EQUATIONS

Knoope (12) on page 54 to 61 compares alternative hydraulic equations. The literature suggests that

these equations will lead to materially different diameters for similar pipeline characteristics. This

report however concludes that if similar parameters and assumptions are employed, these equations

generally lead to the same diameters. Figure 18 and Figure 19 indicate that generally speaking the four

hydraulic equations referred to above yield similar diameters for the same pipe characteristics and for

the same parameters and assumptions. The CMU values are almost the same as the Hydraulic values.
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Figure 18: Pipe Diameters for Mass Flowrates – 100 km

Figure 19: Pipe Diameters for Mass Flowrates – 400 km

There are however only a few standard pipe diameters available. Figure 20 shows that the equations

lead to different standard diameters for a 100 km long pipeline. However, given that the estimate

pipeline diameter was so close for the four equations using a slightly higher inlet pressure or a small

amount of pressure boosting may be more economical than increasing the pipe diameter.
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Figure 20: Standard Pipe Diameter for Mass Flow Rates – 100 Km

Figure 21 shows that the Worley Parsons equation tends to yield a lower standard pipe diameter. It

should be noted that the Worley Parson estimates are only a bit lower than the other estimates leading,

in some cases to lower standard pipe diameters. Therefore using a slightly higher inlet pressure or a

small amount of pressure boosting may be more economical than increasing the pipe diameter.

Figure 21: Standard Pipe Diameter for Mass Flow Rates – 400 Km

4. ESTIMATING THE COST OF A CO2 PIPELINE

The literature contains several approaches to estimating the cost of CO2 pipelines. Most of the

information available is based on the costs to construct and operate natural gas pipelines. In addition

most of these cost estimating methodologies are also outdated. Unfortunately there is little public

information available on the capital costs, cost breakdown or characteristics of actual natural gas or CO2

pipelines.
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The capital cost estimates for a pipeline are generally broken into various classes of costs. Material

costs are generally a function of the mass of steel in the pipeline. This mass is generally related to pipe

length X 3.1415 X pipe diameter X pipe thickness which is the mass of steel used. Therefore many of the

approaches used to estimate pipeline costs are a function of pipeline length and diameter.

The following describes various sources of estimates for the cost of pipelines which can be used to

estimate the cost of CO2 pipelines.

4.1. Dated Cost Estimate Studies:

There are many dated pipeline cost estimates. Several are described here to indicate how these

estimates have been devised in the past.

4.1.1. NETL Capital Cost Estimates Study

NETL (41) has established an approach to estimate several components of the capital cost of a CO2

pipeline. These equations were originally developed by the University of California (42). The original

equations were modified to include escalation to bring the costs to June-2007 year dollars.

Materials = 64,632 + 1.85L(330.5D2 + 686.7D + 26,960)

Labour = 341,627 + 1.85L(343.2D2 + 2,074D + 170,013)

Misc = 150,166 + 1.58L(8,417D + 7,234)

Right of Way = 48,037 +1.2L(577D + 29,788)

CO2 Surge Tank = 1,150,636

Pipeline Control System = 110,632

Where D is diameter in inches and L is in miles. This study also provided rough estimates for the costs of

pipelines for various terrains.

Table 10: Rough Costs for Natural Gas Pipelines Passing Through Various Terrains

Kinder-Morgan ($/inch/mile)
(41) (14)

Cost Multiplier
(33)

Flat, Dry $50,000 1.0

Mountainous $85,000 2.5

Marsh, Wetland $100,000

River $300,000

High Population $100,000

Offshore (150’-200’depth) $700,000

Desert 1.3

Forest 3.0

Offshore (< 500m depth) 1.6

Offshore (>500m depth) 2.7
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4.1.2. Rotterdam Study

The costs for this estimate were based on various sources. Material steel cost is a function of wall

thickness, diameter, length, steel density, and steel price. Labor and other costs are a function of

pipeline length. Fixed O&M is .25% of capex and variable O&M is a function of $/tCO2. (43)

4.1.3. INGAA Foundation Study

This study provided an average natural gas pipeline cost of $US155,000 per inch-mile in 2015 based on

Oil and Gas Journal report from 2015. They also showed a range of costs for gathering lines. These are

not based on a fixed $/km-in value. (44)

Table 11: Gathering Line Costs

4.1.4. Environmental Resource Management Study

Shows costs for components of CO2 networks. Costs reported in 2008 dollars. (45)

4.1.5. Australia Study

Contains some cost information for CO2 pipelines as of 2009. (46)

4.1.6. Optimal Design Study

This report references a cost estimation model. However, that model has not been found on the

internet. (47)

4.1.7. Zero Emissions Platform Study
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This report shows the costs estimated for several simple CO2 networks. This report was produced in

2011. (48)

4.1.8. UCDavis Study

This study contains some cost estimates from 2005. It also contains several equations of state for CO2.

It also describes several hydraulic equations. (32)

4.1.9. Elementenergy Study

The report contains pipeline hydraulic equations and cost estimates. It compares the costs of several

simple pipeline networks. (33)

4.1.10. Humber Studies

These studies compare the costs of CO2 pipelines from other dated studies in the context of a CO2

network. They discuss the impact of impurities on pipelines and show several hydraulic equations. (16)

(25)

4.1.11. CMU Models

Carnegie Mellon University (CMU) in 2008 published reports describing the costs of CO2 pipelines. (35)

(40) These reports also describe several hydraulic pipeline equations. Dr. Edward Rubin and his team at

CMU also produced a very comprehensive model of CCS and CO2 transportation. Dr. Rubin is attempting

to secure funding to update the costs in the model. He used older FERC data found in the Oil and Gas

Journal for the pipeline costs. This model can be downloaded from http://www.cmu.edu/epp/iecm/

4.1.12. MIT

MIT had supported a CO2 pipeline model. However, no reference to it can be found and it appears that

work may have been suspended in 2016.

4.1.13. South Korean Study

This study relied on a previous study completed by Parker in 2004 and 2006. (42) As such the cost

estimate is dated. They did however attempt to optimize the cost of booster compression and pipe

diameter costs. (34) This reports showed similar results to one completed by Knoope. (49)
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4.2. Dated Pipeline Cost Sources

Unfortunately much of the cost data on CO2 pipelines is dated. NETL published values in 2007. (41) The

values in this study for capital costs were roughly $C101,000 to $C127,000/km-in. One of the key pieces

of data for this study was FERC data compiled by the Oil and Gas Journal. (50) Figure 22 shows that

from 2007 to 2016 the cost for natural gas pipelines has almost tripled in the US. The spike in 2014 is

related to a high proportion of line going through urban northeast locations. However, only a few

pipeline sizes in the 2014 data are related to this cost increase. All cost components but materials seem

to be going up substantially. No specific reasons were given for significant cost increase. However, the

Misc cost component is increasing because of significant contingencies added to cost estimates.

Therefore it is doubtful that older cost estimates can simply be increased by inflation to estimate more

recent costs.

Figure 22: Pipeline Cost Trend
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The following table shows how the capital cost based on the FERC data compiled by the Oil and Gas

Journal has changed over the past six year. Based on this data the costs have more than doubled over

this period. While pipeline costs are commonly reported on a $/km-in basis, it is clear from the

following table that costs decrease significantly as the diameter of the pipe increases.

Table 12: $C/km-in Values

In one study the proponents established a minimum wall thickness to determine the least-cost pipe

materials. They attempted to optimize wall thickness and pipe diameter and booster station costs to

minimize overall cost including pipe material costs. (34)

The weight of steel is based in 3.14 X length km X density steel (kg/m3) X thickness (m) X (ID + t). (34)

4.3. More Recent Cost Estimates:

4.3.1. IEAGHG

This report summarized the cost of several pipelines constructed up to 2013. It also includes estimates

for O&M. It provides costs on a USD/inch-diameter/mile basis for various terrains. It provides estimates

for compressor costs. It also provides costs for various components of the pipeline as a function of

diameter and pipeline length. It also describes other pipeline cost models and pipeline research

programs. (10)

4.3.2. FE/NETL Model

The National Energy Technology Laboratory (NETL) has a CO2 pipeline hydraulic and cost model on their

website. Please see https://www.netl.doe.gov/research/energy-analysis/analytical-tools-and-data/co2-

transport

The hydraulic model relies on several of the equations identified above particularly the MIT and the

Carnegie Institute of Technology Formula. The costing portion of the model relies on equations which

are functions of length and diameter from three sources. The most recent set of cost data was

estimated for the year 2011 and the model produces cost in 2011 dollars. All of the data used in the

cost models were taken from FERC data compiled the Oil and Gas Journal. It appears that regression

2010 2016

10 in 122,907 182,662

30 in 82,140 243,997
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models were used on the data for natural gas pipeline costs over several years to construct the

equations. The model also includes 2003 estimates for O&M. The reports for this model also contain

information on booster pumps costs and characteristics. (51) (52)

4.3.3. Cost & Safety Study

This report references several economic models in the literature in table 2.2. (12) It is one of the best

references describing how to estimate the cost of a CO2 pipeline. Beginning on page 34 it describes the

components used in various models to estimate the cost of a pipeline. The author references FERC cost

data which can be taken for the Oil and Gas Journal each year. It also, beginning on page 43, compares

the cost estimates from the various models. The author provides his own pipeline cost estimation

formulae. The author maintains that materials costs should be based on the weight of the pipeline.

4.4. FERC Natural Gas Cost Information

Each year the Oil and Gas Journal produces a report describing the actual and estimated costs of natural

gas pipelines. This data is taken from FERC filings. Table 6 of the 2016 article contains $/mile data for

various standard pipe diameters for the years 2007 to 2016. (50) This data was available for four cost

components: i) Right of Way, ii) Material, iii) Labor, and iv) Misc. The data for the years 2013 to 2016

was considered. The data was escalated by 2% per year to yield a set of values in 2016 dollars. Some of

the outliers for 2014 were removed as well. Since the pressure of the CO2 pipeline will be greater than

for a natural gas pipeline, the wall thickness will be greater for a CO2 pipeline and other components will

be required to operate at higher pressures. In addition others safety measures may be included to help

mitigate issues associated with CO2. In addition the US dollar values are converted to Canadian dollars

with an exchange rate of 1.33. A liner regression was performed on the data to determine an equation

for the pipeline costs as a function of length and diameter.

There was a significant amount of variability in the costs from 2013 to 2016 for each cost component.

By using four years’ worth of data it is hoped that some of this variability will be normalized. However,

pipeline costs are a function of a whole host of factors. One of the largest factors is terrain. As shown in

Table 10 if a pipeline goes through a difficult area the costs can go up substantially. This may partially

account for the significant cost variability shown in Figure 23 below.
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Figure 23: Pipeline Costs in $/km-in

The following Figure 24 shows that for a given km of pipe the cost of the pipeline will decrease on a $/in

basis as the pipeline diameter increases. The equation in Figure 24 is the key one to be used in the

economic model. The x value is diameter and the resulting term in $/km is multiplied by the length of

the pipeline.

Figure 24: CO2 Pipeline Costs on a $/km-in Basis

The following figure shows the adjusted FERC data compared to a liner regression of this data. The

equation in Figure 25 is used in the economic model. The x value is pipeline length in km. It shows that

the capital cost of a 1 km stretch of pipe 30 inch in diameter will be greater than a line only 10 inches in

diameter. It accounts for both changes in diameter and the length of the pipeline. The equation below

is valid for 1 km. Therefore it is multiplied by the length of the pipeline in km to determine the overall

cost.
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Figure 25: Estimated Cost for a CO2 Pipeline in Canada

The main difficulty with this data is that many of these pipelines go through urban centres and difficult

terrain. For the network considered, the terrain may be much less costly to build pipelines in than many

of the lines considered in the Oil and Gas Journal data. Therefore, the costs in this data are considered

to be too high for costs estimates for Alberta.

4.5. Research on Existing CCS Project Pipeline Costs

4.5.1. Overview of CCS Projects and Costs

A critical deliverable for the Oil Sands Carbon Infrastructure Study is to undertake a technical and financial
review of existing CCS projects, including operating, under development and planned projects.

More than 15 unique CO2 pipelines were evaluated, and economic cost of service models were developed
for a selection of these pipelines. A composite cost perspective was prepared by the Consultants, utilizing
publicly available information and using Consultants previous experience and knowledge.

The following table highlights research undertaken to understand pipeline cost data in Canada and in
North America.
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Table 13: Pipeline Cost

Note: The following provide some source data for the values in the table above.
Enhance: Consultants Cost of Service Analysis
Shell Quest: IEAGHG CO2 Pipeline Study GCCSI

SaskPower Boundary Dam

Great Plains / Weyburn: Discussions with U.S. Experts

Discussions with Experts

Project Pioneer

Discussions with Experts

Kemper County: Discussions with U.S. Experts

Green Denbury Pipeline: Discussions with U.S. Experts and Plains CO2 Reduction (PCOR) Presentation,

Partnership 2009 Annual Meeting

All values have been escalated to 2017 $ Canadian. The average adjusted 2017 cost for all pipelines with
a designated Canadian market is $99,241 per $/in-km.

An assessment of U.S. projects, using cost per in-mile methodology and adjusted to Canadian dollars, is
$75,537 $/km-in.
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Figure 26: Distribution of Pipeline Costs

The figure above figure illustrates a broad spectrum of pipeline costs for Canadian pipeline costs (in blue)
in terms of $/in-km, with values that exceed $100,000 per $/in-km. The average for Canadian pipelines is
$99,241per/in-km.

4.5.2. Incremental Costs for CO2 Pipelines in Western Canada

The Consultants sought to identify incremental costs for constructing and operating CO2 pipelines in an
Alberta regulatory climate and in a Western Canadian cost environment.

The Consultants observe that CO2 pipelines cannot be readily compared to natural gas pipelines, for
reasons as follows:

 CO2 pipelines operate at substantially greater pressures than conventional natural gas or oil
pipelines

 Rely on higher grade pipe materials, flanges and valving

 CO2 pipelines are not well understood by regulatory agencies and face additional stakeholder
scrutiny

 Additional operating and safety requirements including safety and leak detection, additional flow
control and monitoring

4.5.3. Challenges in Estimating Pipeline Costs

The Study faces challenges from accessing proprietary and confidential information from existing CCS
pipelines.

The Consultants have extensive background in pipeline economics and financial assessment of projects.
Using existing knowledge and publicly available information the Consultants have been able to estimate
a range for CO2 pipeline costs.

There is a great deal of variability in costing information, and the following outlines key variables for CO2

pipeline cost estimation.
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Financial:

 Reconciling differences in time periods (escalation)

 Exchange rates

 Excluding owner’s and debt costs, taxes

CO2 pipeline related cost variability:

 CO2 throughput

 Reported pipeline capital costs vs literature that contains full cycle costs including ROE,
engineering, construction, taxes, etc. etc.

 Operating and maintenance expenses

Figure 27: Pipeline Cost per Tonne vs Volume

The Energy and Environment Resource Center at the University of North Dakota (53) has provided a more
comprehensive list of parameters impacting CO2 Pipeline economics, including (in addition to those
above):

 Conditions of CO2 stream

 Composition of CO2 stream

 Pipeline design parameters

 Cost of materials

 Right-of-way and permitting costs

 Topography

 Recompression stations (number and power requirements)

The European Technology Plaform for Zero Emission Fossil Fuel Plants (ZEP) (48) (ZEP has provided key

conclusions regarding pipeline costs; for onshore pipelines “costs are mainly determined by CAPEX and

are roughly proportional to distance. They therefore benefit significantly from economies of scale and

full capacity utilization. “

Regarding uncertainly of pipeline costs, the ZEP Study identifies that volume throughput or utilization,

distance and Capex are the three largest variables.
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Figure 28: Sensitivity on Key Pipeline Costs

4.5.4. Consultants Recommendations for Determining CO2 Pipeline Costs

The Consultants were able to find qualitative evidence but could not be substantiated to support the
premise that CO2 pipelines would be inherently more costly than other equally comparable large diameter
high pressure hydrocarbon pipelines. The following may however increase the cost of CO2 pipeline
relative to hydrocarbon pipelines:

 Higher grade pipeline materials, flanges, etc.

 Greater regulatory scrutiny, longer project approval timelines and cost for jurisdictions where CCS
is nascent.

See Part A above for more information.

Capital Costs

The consultants recommend adding a premium of 30% of additional cost when planning or designing

CO2 pipelines, relative to gas and oil hydrocarbon pipeline capital costs to reflect additional costs for

engineering, planning, regulatory oversight and other elements described in this section.

Consultants recommend adding 30-40% to natural gas pipeline costs in the U.S. to reflect additional

remote and transportation costs for Northern Alberta.

Based on the information above, a value of

$95,000/km-in was used in the model. The

user of the model is free to change this value.

A CAPITAL COST OF $95,000/KM-IN IS ASSUMED

IN THE MODEL
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5. O&M COST

O&M for a given year is generally expressed as a percentage of the installed capital costs. That cost is

assumed to be about 3 to 5%. A South Korean study used 4% of capital. (34) The literature reports

fixed O&M values of $US 8,454 per mile. This same report indicated O&M costs of 1.5% to 3-8% of

capital cost. (14) (10) Knoope provided a list of 15 O&M estimates from various studies. They ranged

from 1.5% to 4.0% of the initial capital cost. Some of the estimates were expressed in Euro’s/km/yr.

(12) A value of 3% of capital was used in the model.

6. PUMPING COSTS

The mass flow rate in a given pipeline can be increased by adding booster pumps. Pumps can be used

since CO2 is assumed to be in the liquid state. This significantly reduces operating costs to increase

pressure. It is difficult to determine consistent and useful pumping costs from the literature.

Operating cost estimates for booster compressors are based on booster power estimates. Booster

power in MW can be estimated by volumetric flow rate X pressure increase / efficiency of booster (33)

(52). Citation (33) suggests that the cost of compression is about $US6 million per MW of power

installed. The Oil and Gas Journal reported compression costs for a survey of projects build over the

previous year. The cost was about $2,600/hp. This translates into about $3.5 million/MW.

The cost of compression would also include the power required to operate the booster as well. A more

recent review of the literature suggests a range of $3.4 to $18 million/MW. Pumps are typically limited

to 2 MW is size. If larger sizes are required, then pumps can be placed in parallel. This same study

suggested a cost of 74.3 kEuro X kW ^.58 X n .9 where n is the number of pumps installed in parallel.

This works out to roughly $C6.1 million/MW in 2010$. (12)

NETL relied on an older study from 2005 for pumping costs. (32) This data was taken from an earlier

and confusing source. (54) Their booster cost estimate NETL used was $US70,000 fixed plus

$US1,100/kW. (51) See this reference as well. (32) A recent South Korean study used the same

estimate. (34) This however seems to be a misinterpretation of the original study. The South Korean

study showed pumps with a cost of $1,100/kW and boosters at $7,820/kW. It is not clear why there is

such a difference. The higher cost seems to be a better interpretation of the original study relied on for

the South Korean and NETL numbers. (54) It is also common to oversize booster pumps to provide

redundancy. In the Boundary Dam plant an 8 stage compressor/pump was used to drive the pressure of

the CO2 up to over 2,000 psi. A value of $8,400/kW is used in the model for the cost of pumps.
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7. PIPELINE TOLL CALCULATION

A rough estimate of a pipeline toll can be found by taking the O&M cost for a year and the capital cost

multiplied by a capital recovery factor and dividing these costs by the volume of CO2 moved.

A capital recovery factor was employed to determine how much capital is required to be recovered in

each year. The amount of capital recovered in each year is expected to increase by inflation so that over

the project life all the capital will be recovered. The per unit capital costs recovered in a given year

were based on a capital recovery factor multiplied by the capital cost. The formula for the capital

recovery factor is:

� ×(1 + � ) � / ((1 + � )� − 1)

where i is the discount rate and n is the number of years the project operates. This standard formula

leads to a levelized cost annuity.

This capital recovery factor can be multiplied by a levelization factor to derive a first year capital

recovery factor. This is the cost which escalates in all future years by inflation and yields the levelized

cost on a NPV basis. It will by definition be lower than the levelized cost. The toll calculations used in

the model are similar to several listed in the literature. (12) (41)

The levelization factor is:

[((1 + � )� − 1)/	� ×(1 + � )� ] / [(1 − (1 + � � )� × (1 + � )� � 	)/(� − � � )]

where i is the discount rate, ir is the inflation rate and n is the number of years the project operates. A

capital recovery factor of 10% was used and is used to determine levelized tolls.

8. OTHER PIPELINE HYDRAULIC CONSIDERATIONS

8.1. Looping

The mass flow rate of a given pipeline can also be increased by looping the pipeline preferably near the

start of the pipeline. The model will not choose to loop because it is not a low cost option compared to

a single line. However, one could pick the diameter and length for certain pipe section and loop it with

another line with a specified length and diameter. One could then increase the mass flow rate and

determine the increase which still satisfies the minimum pressure requirements. Looping has not been

included in the model
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The following equations is based on the book Gas Pipeline Hydraulics (55) The mass flow rate along one

line is equal to m1 = m X c / (1+C) where

m = m1 + m2 the mass flow rate into the loops equals the mass flowrate along the loops

C= [ (D1/D2)5(L2/L1) ].5

Where

L1 = length of existing pipe looped

D1 = diameter of existing pipe

L2 = length of loop

D2= diameter of loop

The equivalent diameter can be used to represent the looped section in the hydraulic equations. The

maximum flow rate that can move on this new looped system is still constrained by a maximum

pressure drop. The pressure at the inlet and outlet of each loop must be the same. The MIT formula can

be used to determine the pressure drop over the loop section and it can be used for the un-looped

section.

(P1-P2) = 32L1fm1
2 / (π2ρD1

5) This is change in pressure along loop 1.

(P1-P2) = 32L2fm2
2 / (π2ρD2

5) This is change in pressure along loop 2.

Where

P1 is inlet pressure to first pipe junction

P2 is pressure at end of loop junction

L1 is length of original pipe looped

L2 is length of pipe loop

m1 is mass flow in line 1

m2 is mass flow in line 2

No looping is assumed in the network model.

8.2. Junction Math

When two pipes come together there are three pipe segments involved. The two pipes, A and B, which

come together and the one they both flow into C in the figure below. The outlet pressure of the two

pipe segments A and B will be the inlet pressure for the larger diameter outflow line C. The mass flow

rate for lines A and B will the sum of the mass flow rates used for line C. The inlet pressure of line B, if it
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is coming from a source of CO2, will only have a specified maximum pressure in the model. If the CO2 at

the end of section C is to going to a sink, then it will have a minimum specified pressure in the model.

Figure 29: Simple Network

The model has also been set up to minimize pressure subject to these conditions. The key assumption in

the model is that the pressure at the inlet of the lateral is determined, with the appropriate pressure

drop, to make sure that the pressure of the CO2 entering the main line is the same as that of the

mainline at that location.

8.3. Collectors

CO2 will likely be collected by a series of pipes and then moved to a large pipe system. If one assumes

that there will be a certain number of collectors, each with the same length and diameter, one can use

the previous equations to solve for the diameter of each collector. This data can then be put through

the cost equations above to solve for the capital costs of this collector system. CO2 will also be

distributed from larger pipes to sinks. The pressure at the sink must be high enough to be injected into

the ground. This pressure is a function of the depth at which the CO2 is to be injected. The greater the

depth the higher the pressure required to force CO2 into the formation. The pressure at the sink can

either be provided at the required pressure or pumps can be used to increase the pressure of the CO2 at

that point. The cost for collectors and distribution lines will be small compared to the cost of the overall

network and are not included in the model.

8.4. Inside and Outside Pipe Diameters

Pipe diameters are defined by their nominal pipe size. Generally for smaller nominal pipe size the

outside diameter is specified. The inside diameter is determined therefore by the pipe thickness. (56)

The pipe thickness is a function of several factors. (12)

Wall thickness = Pmax X OD / (2 X S X F X E) where

Pmax is in MPa

OD is outside diameter in mm

A

B

C
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S is minimum yield stress of 483 MPa

F is design factor of .72

E is longitudinal joint factor of 1

Another equation is

Wall thickness = (2 / (1-FT) X (Pave X OD / (2 X (S + .4XPave) – FC) where,

FT the thickness tolerance factor of .125

Pave is the average pressure in the pipeline (MPa)

S is minimum yield stress of 246 MPa

FC is factor for threading, mechanical strength and corrosion .00127

The inside diameter of the pipe is used in the hydraulic equations. The inside diameter is the outside

diameter less twice the wall thickness. One of the difficulties with this equations for use in the model, is

that the hydraulic equations determine the maximum and average pressure and the maximum and

average pressure is used to determine the inside diameters. This creates a circular reference. To get

around this, the maximum design pressure specified for the system is used. One other issue is that CO2

may need to be pumped to rather high pressures. The Acquistore project appears to have an inlet

pressure of 34.5 MPa or 5,100 psi. (57) This is the upper range of pressures identified in Figure 11.

These high pressures lead to very large wall thicknesses and hence very high pipe material costs.

Material costs are generally a function of the mass of steel in the pipeline. This mass is generally related

to pipe length X 3.1415 X pipe diameter X pipe thickness which is the mass of steel used.

The model uses nominal pipe diameters of 2 to 42 inches. Diameters start at 2 inches and increase by

one inch increments until 10 inches. Beyond 10 inches the diameters increase by 2 inch increments to

42 inches.
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C. MODEL OVERVIEW

1. CO2 VOLUMES

One of the key decisions was determining which carbon capture plants would be included in the model.

The COSIA team agreed on about 25 plants in Alberta and 7 in Saskatchewan. In addition a blank plant

was included near Fort McMurray and one near Fort Mckay. The mass flow rates of CO2 emissions from

these plants was initially taken from 2015 data compiled by the Government of Canada. (58)

This data was adjusted by COSIA members to better reflect current emissions. See Table 14 and Table

15 for the values used. These plants supply a total of about 58 Mt/yr of CO2 emissions, some of which

could conceivably be captured.

Table 14: CO2 Volumes in Alberta in mt/yr

Reporting Company Legal Name / Dénomination sociale de la société déclarante2016

Canadian Natural Resources Limited 3,729,641

Shell Canada Energy 1,310,339

ATCO Power Canada Ltd. 1,194,528

Imperial Oil Resources Limited 2,267,533

Husky Oil Operations Limited 1,780,180

Suncor Energy Oil Sands Limited Partnership 4,991,294

Suncor Energy Oil Sands Limited Partnership 283,516

Syncrude Canada Ltd. 10,393,078

Suncor Energy Oil Sands Limited Partnership 8,406,464

TransCanada Energy Ltd. 843,830

Nexen Inc. 2,767,374

ConocoPhillips Canada Resources Corp. 902,640

Athabasca Oil Corporation 481,965

MEG Energy Corp. 932,365

MEG Energy Corp. 1,193,148

Cenovus FCCL Ltd., as operator for FCCL Partnership 2,003,802

Devon Canada Corporation 649,080

Devon Canada Corporation 587,525

Devon Canada Corporation 572,655

Canadian Natural Resources Limited 576,547

Cenovus FCCL Ltd., as operator for FCCL Partnership 2,662,396

Canadian Natural Resources Limited 3,175,448

Imperial Oil Resources Limited 5,529,967

Husky Oil Operations Limited 560,662

Athabasca Oil Corporation 171,521

57,967,498
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Table 15: CO2 Volumes in Saskatchewan mt/yr

The Government of Canada data also included the locations based on Longitude and Latitude. Using

Google maps it was determined that the distance between lines of Longitude is 62.18 km. Likewise the

distance between lines of Latitude is 111.2 km in and around this location. A plot of the plants based on

their distance from a Longitude of 112 and a Latitude of 52 was constructed. The plot of these plants is

therefore to scale. Next a linear regression was completed on the Alberta plants. This regression

determined the equation for a straight line which best fit the location of the plants. This line more or

less minimizes the total distance between the plants. It is not necessarily optimal or consistent with

current rights of way or actually possible given land owner constraints or obstructions. Considerations

of this nature are beyond the scope of this project. The equation for this line was used to define the

main line in Alberta.

An equation was used to determine the shortest distance between the plants and the main line.

Another equation was used to determine the distances between the intersections of the laterals. These

distances were used in the hydraulic equations to determine pressure drops. In reality the pipeline may

take a more circuitous route. Actual pipelines need to deviate around sensitive areas, to avoid certain

land ownership classes, to change directions, to avoid other physical obstructions, etc. Therefore the

actual pipeline lengths may be longer than proposed in the model. The model has not accounted for

elevation changes, metering stations, corners, dips to go under rivers or valleys and therefore the

pressure drops may be understated for an actual pipeline. If the pipeline lengths are longer, this will

increase pressure drops, potentially increasing pipe diameter. Increased pipeline lengths will also

increase costs and tolls. If the pipeline diameters increase because of increases in pressure drops due to

increased length and changes in the direction of flow, etc., the costs will increase as well.

In Saskatchewan the seven plants were drawn in and around the EOR opportunities identified in

previous ICO2N work. Straight lines were drawn roughly between the EOR opportunities. A similar

process, as that used in Alberta, was used to determine the lateral lengths to the main line and the

distances between the lateral intersection points on the main line.

The next key decision was to determine the location of the sinks relative to the main line. As describe

above, several EOR fields were used for Saskatchewan. For Alberta two EOR locations based on ICO2N

Husky Oil Operations Limited 1,166,835

Canadian Natural Resources Ltd 123,144

Husky Oil Operations Limited 115,477

Husky Oil Operations Limited 218,376

Husky Oil Operations Limited 287,572

Husky Oil Operations Limited 477,601

Husky Oil Operations Limited 144,996

2,534,001
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work were determined. They included Swan Hills and Pembina opportunities. A single line was used to

transport CO2 out to these locations.

Based on previous ICO2N work, storage opportunities in the Devonian were identified. Further a line

was drawn to move CO2 to the northern end of the Enhance pipeline. CO2 can be dropped off in storage

opportunities north of Shell Scotford. The next big decision was to determine the best location to move

CO2 from the mainline to the storage opportunities. It was noticed early on that the distances to the

sinks was very long. Further it was determined that moving large amounts of CO2 from north of Fort

McMurray several hundred km south lead to both very large diameter pipelines and high costs. Figure

30 shows a bubble diagram of the volumes shown in Table 14 in relation to one another on a map.

What it shows is that there is 34 Mt/yr north of Fort McMurray.

Figure 30: Mass of CO2 from Plants
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It was determine that is would likely be less expensive to move this CO2 to the area around Suncor Base

Plant and then transport it west rather than south. Likewise the volumes south of Fort McMurray are

moved north to the Suncor Base Plant area and then west. It may make more sense to move some of

the southernmost CO2 to sinks due west. Figure 31 shows a map of the Alberta and Saskatchewan CO2

network. It was decided that since the volumes in Saskatchewan are small and a long way from the

Alberta sources, that the Saskatchewan network would not be linked to the Alberta one. The dash lines

are the lines which move CO2 from the mainline to the sink locations.

Figure 31: Map of CO2 Network
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Given the very long distances involved in moving CO2 to the sinks identified, it was determined that

finding sinks for CO2 in the vicinity of Fort McMurray would significantly reduce transportation costs. It

was determined that there may be opportunities to store CO2 as hydrates or in aquifers south and west

of Fort McMurray. (59) The following figure shows opportunities for possible CO2 sequestration near

Fort McMurray. Therefore a line going due west from Suncor for 100 km was included to sever the

opportunity. Further there are gas over bitumen opportunities north and west of Fort McMurray. A 100

km line was included to serve these opportunities. There may be storage opportunities closer Fort

McMurray. However, if large volumes are to be stored, they will likely need to be sent to various

locations in the vicinity. That is why 100 km was chosen for these line. These line me be four 24 km

laterals or one 100km line with several smaller laterals coming off it.

Figure 32: Aquifer CO2 Gas Hydrate Storage

The follow shows the locations of the sinks and sources near Fort McMurray.
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Figure 33: CO2 Network Near Fort McMurray

2. OIL SANDS MODEL ARCHITECTURE

2.1. Fort Mac & Sask Sheet

The network described above can be found in the Alberta sheet in the model. The model of the Alberta

and Saskatchewan networks can be found in the Fort Mac & Saskatchewan sheet. That sheet is divided

into about ten sections.

Section A: This section contains the key assumptions one may want to change to run different cases in

the model. Values which can be changes are blue and bold. All other black values are formulas and
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should not be changed. There are other assumptions further down in the model. However, these

should not be changed unless there is good reason to do so. One exception is the mass flow rate and

lateral pipe lengths for the two blank sources. These values can be changed in cells K77, K79, T77 and

T79.

Pressure Constraints: Near cell C10 is a table showing the key pressure constraints used in the model.

The main line pressure is set to 14,500 and is lower than the maximum lateral inlet pressure. This will

allow CO2 to flow from the sources to the mainline. Both pressures can be increased to some extent.

The minimum pressure is set at 8,000 kPa. It should not be reduced as doing so may cause the CO2 to

form two-phase flow. The pressure at the split where CO2 is sent west to sinks is set at 12,000 kPa. It

can be changed, however Table 17 suggests that doing appears to have little impact on the model. The

maximum amount of boosting pumping pressure increase is limited to 3,000 kPa. Table 18 indicates

that changing this pressure may have little impact because of the significant number of pumping

stations, some of which are not used and the large jump in pipe diameters.

Financial Inputs: Near cell K11 is a table showing the key financial inputs in the model. The first is the

capital cost in $/km-in. The operating cost of the pipeline is set to 3% of the capital costs. The efficiency

of the pumps used for pumping CO2 is assumed to be 75%. The capital cost of the pumps is assumed to

be $8.4 million/MW. The price for power is assumed to be $80/MWh. The capital recovery factor, used

to convert the capital cost to a yearly capital recovery is 10%. A carbon tax of 30% is assumed.

However, the new carbon tax will likely be based on a performance standard. If CO2 is captured such

that the plant avoids paying the carbon tax there is economic value. Likewise if the plant has a GHG

emission intensity below the performance standard, credits may be applied to other plants either

owned by the company or sold to other companies. The proportion of the CO2 captured receiving the

benefit of the carbon tax is assumed to be 40%, but can be change to suit the scenario being explored.

CO2 Capture Information: Near cell O12 is a table. This table defines the mass flow rate and capture

costs for up to three capture projects for each source. If the sum of the mass flow rates from the three

capture projects exceeds that for the emissions from the source an error message will appear. The

drop-down box in cell P5 allows one to use the date in the Base Case table or the data further down for

the Scenario. The Base Case data can be preserved and the Scenario data can be changed if one wishes.

In the Scenario data near row 27 are drop-down boxes which allow one to remove CO2 sources from the

model without changing the mass flow rates of the case. The top set of tables is for Alberta. Beginning

near row 40 are the tables of data for Saskatchewan.

Alberta CO2 Allocation: Near cell B24 is a table which is used to allocate CO2 to the sinks. In this this one

can determine the proportion of CO2 which moves on a sink line in Alberta. Simply change the

percentages in the bold blue cells making sure that they add to 100%. There is a limit of 13 Mt/yr

imposed on the Enhance line, the remaining capacity of the line. Likewise based on ICO2N work, limits

are imposed on the amount of CO2 which can be accepted per year for Swan Hills and Pembina. These

limits were based on the average CO2 demanded for given oil and CO2 prices at each location. Limits are
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imposed on some of the other lines in row 30 but they can be changed. If these limits are exceeded an

error indicated by shaded red cells will appear.

It is not possible to change the allocations of CO2 for Saskatchewan. Logic is used in the model to move

the volumes from Paradise Hill and east to the nearest eastern EOR sinks first and to move western

volumes (west of Paradise Hill) west to the nearest western volumes first.

EOR and Storage Pricing: Near cell D35 are three tables. The drop-down boxes in these tables allow one

to change the CO2 price and oil price used in the model. This impacts the maximum amount of CO2

demanded by EOR region and the price received for CO2 sent to EOR.

In cell D40 and D41 are two blue cells. The first defines the price Enhance may be willing to buy CO2 for.

This is followed by the cost to store CO2 in non-EOR opportunities. A price of $5.00/t is supported by the

Wabamun Area CO2 Sequestration Project. (60)

Section B: This section shows the lateral length for each source to the main line. Second the distance

from the intersection of the lateral downstream to the next lateral intersection is defined. Finally the

emissions of CO2 for each source are listed. This data is taken from the Alberta sheet. Normally the data

in this section should not be altered except perhaps the mass of CO2 for the two blank sources in Alberta

and the lengths of the distribution lines near Fort McMurray.

Section C: This section defines the list of pipe diameters available for use in the model. Generally for

the pipe sized in the network, nominal standard pipe diameter are based on outside diameters. For

calculating the pressure drops on a given line we need an estimate of the inside pipe diameter.

Therefore, as described above the wall thickness for each outside diameter is estimated. Twice this

value is deducted from the outside diameter to estimate the inside diameter used in the hydraulic

equations. It is suggested that this section not be modified without good reason.

Section D: This section defines the CO2 capture data to be used in the model.

Section E: This section also calculates the mass of CO2 allocated to EOR and to storage.

Section F: For Swan Hills and Pembina EOR locations one can used the drop-down boxes in the input

section at the top of the model to change both the oil price and CO2 sale price. By doing so one changes

the maximum amount demanded at that location and the price the CO2 is sold for in the model. This

data is based on earlier work completed by ICO2N. The maximum demanded is based on an average of

the CO2 demanded at these locations. An average is likely not the best way to characterize CO2 demand

by EOR since EOR demand tends to increase, peak and decrease. However, the model created is a snap

shot in time and does not model the system over time. Therefore a profile of CO2 demand cannot be

used in the model. Likewise in column V the oil price can be changed for the EOR opportunities in

Saskatchewan.
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Section G: This section contains the assumptions used in the hydraulic equations. The constants are

highlighted in blue. However, unless there is a good reason to do so, these values should not be

changed. There are two pressure drop equations used in the model. The top one is based on the MIT

formula described above and is used throughout the model. The second one, the CMU formula, is also

described above and is used to check the first formula. The pressure drop of each lateral and each line

segment downstream of the lateral is calculated. These pressure drops are also calculated based on

pipe diameters calculated further down the model.

At the bottom of this section is a row which uses formulas to define the optimal amount of pumping

required. Pumping is generally used about every 100 km along the system. Pumping is generally

included to help reduce the pipe diameters. The amount of pumping is constrained by minimum and

maximum pressures and by the maximum amount of pumping allowed at any one location. Generally

pumping either increases the pressure to the maximum allowed or adjusts the pressure just to the

minimum allowed at a sink.

Section H: This section defines the pipe diameters used for each lateral, mainline pipe segment and

pipe sending CO2 to sinks. Each source has both a lateral and a pipe segment downstream of the lateral

on the mainline. The pressure into each line segment is shown and is followed by the pressure exiting

each line segment. The pressure out of each lateral is set to equal the pressure of the mainline at that

location.

The diameter of each lateral is set to maximize the pressure drop between the inlet and outlet, subject

to pressure constraints. This minimizes the pipe diameter. The maximum pressure of the system is

constrained to 15,000 kpa. The maximum pressure of the mainline is constrained to 14,500 kpa, which

is lower than the maximum. The reason for this is that the inlet pressure of the laterals must be greater

than the mainline if CO2 is to move from the plants to the mainline. These values can be changed in the

input section.

The pressure drop along the mainline is also a function of the mass flow rate which changes at each

lateral. For the northern and southern part of the mainline in Alberta a single pipe diameter is chosen

for each line. A significant amount of effort was made to use a linear program to optimized pipe

diameters. The linear program converged about 30% of the time but not necessarily on an optimal

design. Part of the reason for this is that the hydraulic equations contain exponents to the power of 2

and 5 making them very non-linear. Also the relationship between pumping and pipe diameter seems to

make it difficult for the linear program to handle. Therefore another approach was taken to optimize

the diameters.

For laterals, essentially all pipe diameters were passed through the pressure drop calculations for the

lateral. The one which maximized pressure drop between the pressure at the mainline and the

maximum pressure allowed on the system was chosen as the minimum feasible pipe diameter. For the

main line, a data table was used to pass each pipe diameter through all the pressure drops along the
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main line segment. The one which, in conjunction with the maximum appropriate amount of pumping,

set the outlet to the desired pressure was chosen. The maximum amount of pumping pressure increase

at any one location is specified in cell D17. As described above pumping either increases the pressure to

the maximum allowed or adjusts the pressure to the minimum allowed at a sink or a point along the

line. It was assumed in that model that it was always cheaper to add pumping to reduce pipe diameter.

A more sophisticated optimization between pumping costs and reduced pipe diameter would need to be

completed to better optimize the costs.

As described above CO2 is taken off the mainline near Suncor Base Plant. The pressure at this split is

specified in the model. It needs to be greater than the minimum allowed to provide pressure to deliver

CO2 to the sinks. That pressure is constrained to 12,000 kpa. Pumping is used at the beginning of each

distribution lines to increase the pressure. The smallest pipe diameter for the northern and southern

Alberta mainlines is automatically chosen from the data table, along with appropriate maximum amount

of pumping on the southern line, to set the pressure to 12,000 kpa at the Suncor split.

The diameters of the distribution lines are chosen in a similar fashion. All diameters are passed through

the pressure drop calculations for the line. The smallest one with the most amount of allowable

pumping which drives the pressure at the sink to the minimum allowed, is chosen automatically. One

can override a pipe diameter by using the drop-down boxes in row 228. However, smaller diameters

than those chosen by the model may lead to excessive pressures. These drop down boxes could be used

to increase diameters to assess the cost impact of oversizing a line for future expansion.

There are numerous data tables in the model which will slow it down. Therefore the Calculation Options

for excel should be set to Automatic Except for Data Tables. However, to update the tables one will

need to hit F9. Data Tables unfortunately can get corrupted in excel. Therefore please keep an earlier

version of the model to refer to, so one can rebuild the data table row and column references if

necessary.

Section I: This section calculates capital and operating costs and revenues for the system. A summary

of the capital costs is provided.

Section J: The top part of this section estimates the tolls for the network. The capital recovery factor is

shown and can be changed. This is followed by a table showing the economics for the whole system.

See

Table 16 below. The economics for the whole system include capture costs, EOR revenues, storage

costs, pipe costs and carbon taxes avoided. Only a portion of the CO2 captured will likely benefit from

the carbon tax. Both the carbon tax and the proportion of CO2 it may apply to can be changed here.

The economics for the whole system are expressed in $ million/yr and $/t.

The following table shows the economic results table from the Model.
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Table 16: Results from Economic Model

Near cell T322 is a map, similar to Figure 33, showing the CO2 network with the CO2 volumes exiting the

northern and southern main line and moving on the sink lines and sinks.

Section J: This section shows a few sensitivities for this sheet described below.

2.2. Fort Mac Sheet Sensitivities

It is difficult to run Data Table sensitivities on this sheet because excel generally does not allow one to

run Data Tables on a cell references linked to other Data Tables. For modelling purposes a pressure at

the split was specified. That pressure in 12,000 kPa. The following table shows the impact of changing

this pressure. That impact is minimal.

Alberta Saskatchewan

Toll Calculation

Mass Flow Rate of CO2 (Mt/yr) 50.00 2.21

Pipe Capital Cost ($ million) 4,347 268

Ann. Cost of Pipe Capital ($m/yr) 435 27

Pipe Capital ($/t) 8.69 12.09

Pump Capital Cost ($ million) 160

Ann. Cost of Pump Capital ($m/yr) 16

Pump Capital ($/t) 0.32

Pumping Energy Cost ($ million/yr) 13.35

Pumping Energy Cost ($/t) 0.27

Pipe Opex ($m/yr) 130.40 8.03

Pipe Opex ($/t) 2.61 3.63

Total Pipe Toll ($/t) 11.89 15.72

Yearly Cost Summary $ million/yr $/t $ million/yr $/t

Ann. Cost of Pipe Capital 435 8.7 27 12.1

Ann. Cost of Pump Capital 16 0.3

Pumping Energy 13 0.3

Pipe Opex 130 2.6 8 3.6

Capture Cost 4,172 83.4 184 83.2

Storage Cost 170 3.4 - -

EOR Revenue 320- 6.4- 44- 20.0-

Carbon Tax Revenue 600- 12.0- 27- 12.0-

Net Cost 4,016 80.3 148 66.9
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Table 17: Effect of Split Pressure on Toll

The amount of pumping allowed at any one booster station has been limited to 3,000 kPa. The

following table shows the impact of decreasing or increasing this value on the pipe toll. The impact is

minimal.

Table 18: Maximum Pumping Delta P on Pipe Toll

2.3. Point to Point Sheet

This sheet models a single source of CO2 delivered to a single sink. The key assumptions and results for

this sheet are found in within the green box at the top left part of the sheet. The pressure drop

calculations are the same as for the larger network. The methodology used to determine the pipe

diameter is similar as well. Beginning near cell E127 are the equations used to incorporate pumping

which are included in sensitivity results. Pumping can be used to reduce pipe diameters. This sheet also

contains numerous sensitivities tables which are described below.

2.4. Point to Point Sheet Sensitivities

The Point to Point sheet was used to run several scenarios. The following figure shows how pipe inside

diameters changes as the mass flow rate changes and the length of the pipeline change. As expected for

a given mass flow rate the diameter will need to increase as the length of the line increase. The

maximum pipe diameter was set at NSP outside diameter of 42 inches. These curves are not smooth

because limits have been set on the maximum and minimum pressures and the model chooses NSP

diameters rather than theoretical diameters.

Split Pressure (kpa) Toll ($/t)

11,000 11.86

12,000 11.89

13,000 11.89

Max Pumping Delta P (kpa) Toll ($/t)

2,000 12.08

3,000 11.89

5,000 11.54

7,000 11.50



68

Figure 34: Pipe ID for Mass Flow Rates and Pipe Lengths in km

The first thing to notice about Figure 35 and Figure 36 is that tolls for many of the pipe diameters are

only provided over limited ranges. As the mass flow rate increases small pipe diameters are too small to

maintain the pressure above minimum levels. Also pipe diameters may be too small to handle the mass

flow rates within the prescribed pressure limits. The tolls are very large for small mass flow rate

systems. They become much lower for larger mass flow rates. The reason for this is that many pipeline

costs are fixed whether the mass flow rate is large or small. Therefore small mass flow rates tend to

have high pipe tolls. Beyond 15 Mt/yr the change in toll for the available pipe diameters is small.

However for small systems it is crucial to choose the smallest pipe diameter possible to minimize tolls.

For larger systems over building the system by increasing the diameter above the minimum has little

impact on the toll.

Figure 35: Pipe Toll vs Mass Flow Rate for 50 km Pipe and NSP Diameters
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The capital cost of the line is linearly related to length. Therefore doubling the length will double the toll

for a given diameter and mass flow rate. For larger mass flow rates over sizing the pipe has little impact

on the toll.

Figure 36: Pipe Toll vs Mass Flow Rate for 100 km Pipe and NSP Diameters

For longer pipe lengths many pipe diameter are too small to allow the CO2 to reach the end at or above

the minimum pressure. Therefore as shown below the tolls for the smaller diameter lines are truncated.

For longer systems, over sizing the pipe will significantly increase the toll. Clearing adding pumping to

increase the mass flow rate available for smaller diameters may be useful.

Figure 37: Pipe Toll vs Mass Flow Rate for 400 km Pipe



70

The following shows how increasing the pipe diameter by one inch at each mass flow rate increases the

toll. The other way to think about this is that the toll will decrease by this amount for every inch

decrease in pipe diameter. Therefore pumping will reduce pipe tolls more for smaller systems than for

larger systems.

Figure 38: Increase in Pipe Toll as Diameter Increases for 100km System

The following shows an estimate of pumping costs. Pumping costs may be less than the cost decrease

associated with reducing pipe diameters.

Figure 39: Pumping Costs for Various Mass Flowrates and Distances in km
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Pumping can be used to reduce pipe diameters. There are two key reasons for considering pumping.

The first is that without pumping the required pipe diameters may become excessive. The second is

that it may be cheaper to add pumping to reduce pipe diameters, particularly for longer pipe lengths.

Figure 40 shows that adding pumping to reduce the diameter of the pipe to the next smaller diameter

may lead to cost savings. The savings for small mass flow rate systems operating over long lengths

appear to be greater than for larger systems. For larger systems the toll may drop by less than $1/t.

Figure 40: Pumping Savings for Various Mass Flowrates and Distances in km

Other key variable is CO2 density. CO2 density is largely impacted by temperature, pressure and

impurities. One would expect that at higher densities more CO2 can be delivered for a given pipe

diameter. Therefore as density increase, the pipe diameter should decrease. The following figure shows

how the toll for the system changes and the density of CO2 changes for a 100 km system. Recall that the

system is generally over designed because the optimal pipe diameter to get to the minimum delivery

pressure is rounded up to the standard diameter. Therefore changes in diameter generally don’t impact

the standard diameter chosen and therefore the tolls don’t change much as density changes.
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Figure 41: Effect of Change in Density in kg/m3 on Toll

The following shows how the maximum pressure of the system impacts the toll for a 100 km system. As

the pressure increases, the density of the CO2 should decrease and therefore the pipe diameter should

decrease as well for a given mass flow rate. However, since optimal pipe diameters are rounded up to

the next standard size, in few instances does changing maximum pressure decrease the standard pipe

diameters chosen.

Figure 42: Effect of Maximum Pressure in kPa on Toll

The following shows how mass flow rate and pipe length impact the NSP diameter of a pipeline.
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Figure 43: NSP Diameter for Various Mass Flow Rates and Pipe Lengths in km

2.5. Suncor to Firebag Sheet

This sheet shows the economics for a single line between Suncor and Firebag. The key assumptions and

results for this sheet can be found within the green box in the top left part of this sheet. The costs are

based on the Point and Shoot sheet. The distance between these two locations is about 43 km. As

expected the cost for small systems may be high on a $/t basis. Over building a small line can be quite

expensive as well. However, the cost to overbuild a larger line is moderate.

Figure 44: Toll for Suncor to Firebag
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CONCLUSION:

The hydraulic model provided for this report is fairly detailed in that it includes a significant number of

capture sources and sinks. However more work is required to optimize the cost of the network. One of

the key learnings from this work is that costs can be lowered significantly if sinks can be located in close

proximity to the capture locations. Lower cost network options may be available depending upon the

proximity of storage opportunities to the capture locations. It may make more economic sense to

collect CO2 from several sources close to one another and send them to sinks in close proximity rather

than send the CO2 along a large mainline. Therefore one of the key research objectives should be

locating CO2 sinks along the mainline identified in the CO2 network modelled. Once these sinks are

located, other CO2 pipeline network configurations could be modelled and evaluated.

In addition better capital costs for the pipeline and pumping stations could be included in future

versions of the model. This will help establish the trade-off between more pumping stations and the

decrease expected in pipe diameter and thus overall capital cost.
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APPENDIX A: Project Design Basis

This document describes the Design Basis and underlying assumptions to be utilized in the Alberta Oil

Sands Region carbon capture, utilization, and sequestration Study. This document has been prepared

from discussion and feedback from the Working Group at numerous meetings leading up to May 16,

2017.

The pipeline model will now be “locked down” and model development will proceed.

Design Basis includes the following elements:

 Hydraulic Model equations

 Model Design and geographic extent of the model

 Model functionality

 Location and Attributes of Design Cases

Hydraulic Model Equations:

The following components are required to formulate a hydraulic equation. They can be categorized as

user defined and model defined.

User Defined:

 Segment lengths (km)

 Mass flow rates at injection points and at sinks (Mt/yr.)

 Capture costs ($/t), Storage costs ($/t), Carbon Tax ($/t)

 Capital recovery factor, initially supplied by consultant

Defined by the Consultants and/or contained in the model:

 Pressure drop across the network to be calculated as part of the hydraulic model

 Max pressure at the inlets and minimum pressures at the outlets to be specified. These default

pressures can be changed as desired by the User.

 Minimum purity standard will be defined by the Consultants

 Capital and operating costs, based on values recovered from the literature

 Pipe Diameters, (Can also be chosen to some extent)

 Pipeline temperature, Fanning Friction, Gravity constant, density, roughness, Molecular weight,

etc.

 Value of EOR ($/t) and volumes demanded by location at this price

Model Outcomes:

 The model will minimize pipeline capital costs and pressures, given constraints, for a set of sinks

and sources and other network characteristics.
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 The model will breakdown capital, operating, storage and capture costs and compare them to

EOR revenues and CO2 credits.

 The model will allow one to run numerous cases and consider the cost implications of the CO2

pipeline network.

Model Design and Geographic Extent:

The model will focus on supply sources for receipt volumes in the Fort McMurray region, from Fort

McKay in the North stretching South East through South Fort McMurray SAGD to Lloydminster in

Saskatchewan. The model will aggregate CO2 volumes and will target six market delivery nodes in

various locations in Alberta and one or two EOR nodes in Saskatchewan.

Receipt and Delivery Cases (see below):

1. Fort McMurray to Saskatchewan EOR Mainline

a. With 30 + receipt nodes supplied by COSIA

2. Fort McKay In Situ and Mining Sources

3. Fort McMurray to Basal Cambrian Sequestration (Bachu)

a. With market aggregation

4. Fort McMurray to Gas Hydrate storage and Gas Over Bitumen

5. Fort McMurray Firebag Connector (Suncor)

6. Fort McMurray to Redwater Basal Cambrian

7. Fort McMurray to Enhance

8. Fort McMurray to ICO2N EOR Pembina

9. Generic single source, pipeline and sink.
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Network Design Optionality for Alberta:

 Consultant will use sources defined by the CCUS Working Group. This may include six large CO2

sources in the Fort MacKay region and 24 large CO2 sources in the Fort Mac/Cold Lake region

and link them into the CO2 network.

 The model will be designed to estimate the costs for three basic networks:

o Taking the CO2 to as many as five or six sinks west of Fort Mac. These pipes will deliver

CO2 to either EOR or storage sites or to existing pipelines.

 Model will also include one generic source in Fort McMurray and one in Fort MacKay.

 Model will include a Firebag SAGD sheet

 A single generic source, pipeline and sink will be provided as well.

Network Design Optionality for Saskatchewan:

 In Saskatchewan, the model will be less complex than originally contemplated. This will lessen

model complexity and refocus on CO2 volumes in the Oil Sands region

 Initially the network design will be simplified to include:

o 1 or 2 delivery nodes to EOR markets in the Lloydminster area

 The network model in Saskatchewan may be expanded to incorporate 7 CO2 sources in

Saskatchewan, provided the linear program can converge on reasonable values

 This expanded 7 source case would be include CO2 in the Lloydminster area.

Deliverables to May 31, 2017:

Complete Design Basis Document May 16, 2017

Consultant to proceeds with generic values to begin model May 17,2017

Companies to Provide Volume Information for Cases May 31, 2017

Appendices: Drawings of Proposed Cases

Case 1: For McMurray to Saskatchewan EOR
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Case 2: For McKay Region

Case 3: For McMurray to Sequestration (Bachu)

Case 4: Gas Hydrates and Gas Over Bitumen Storage
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Case 5: Suncor Base Plant Firebag

Case 6: Fort McMurray to Redwater Basal Cambrian

Case 7: Fort McMurray to Enhance
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Case 8: A generic pipeline segment case will be generated by the consultants for use by the Study

sponsors. This “plug and play” Case can be utilized in numerous locations and geographies.
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