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Appendix:  
Life-Cycle Greenhouse Gas Emissions of Petroleum Products from WCSB Oil Sands Crudes  

Compared with Reference Crudes 
 
1.0 OBJECTIVE 
 
This appendix accompanies the text in section 3.14 of the EIS, and examines differences between the life-
cycle greenhouse gas (GHG) emissions associated with Western Canadian Sedimentary Basin (WCSB) 
oil sands-derived crudes compared with reference crudes refined in the United States.  The ultimate goal 
of this effort is to provide context for understanding the potential indirect, cumulative GHG impact of the 
proposed Keystone XL pipeline (hereafter referred to as proposed Project).  Rather than conducting new 
modeling or analysis, this study consists of a review of existing life-cycle studies (including several meta-
analyses) and models that estimated the GHG implications for WCSB oil sands-derived and reference 
crudes to (a) identify and evaluate key factors driving the differences and range, and (b) explain the range 
of life-cycle GHG emission values.  
 
This appendix offers a conceptual framework for understanding the carbon and energy flows within 
petroleum system in section 2.0.  Section 3.0 describes the approach we followed, including the scope of 
the review of the life-cycle studies.  The results section (section 4.0) then discusses the key factors driving 
the comparisons between WCSB crudes and reference crudes and examines the differences between the 
study results across various scenarios.  Section 5.0 concludes by synthesizing key findings and providing 
a brief discussion on future trends.    

 
2.0 CONCEPTUAL FRAMEWORK 
 
A comparative life-cycle assessment (LCA) of fuels is 
driven by two accounting approaches: a carbon mass 
balance and an energy balance. Within each balance, 
it is helpful to distinguish between what can be 
considered “primary flows” and “secondary flows.” 
The primary carbon and energy flows are those 
associated with the production of three premium fuel 
products—gasoline, diesel, and kerosene/jet fuel—by 
refining crude oil. In addition to the premium fuels, 
other secondary co-products such as petroleum coke, 
liquefied petroleum gas (LPG), and sulfur are 
produced as well. Primary flows are generally well-
understood and included in LCAs. 
 
In addition to primary flows, there are a range of 
secondary energy flows and emissions to consider. 
Because these flows are outside of the primary 
operations associated with fuel production, they are 
often characterized differently across studies or 
excluded from LCAs, and estimates of specific 
process inputs and emission factors vary according to 
the underlying methods and data sources used in the 
assessment. 
 
See Figure 2-1 for a simplified petroleum system flow diagram. This framework is helpful for describing 
differences across life-cycle comparisons of fuel GHG emissions. Classifying the flows as primary and 

Acronyms used in this appendix 
API         American Petroleum Institute 
CCS        Carbon capture and storage 
CSS        Cyclic steam stimulation  
EIS          Environmental Impact Statement 
GHG       Greenhouse gas 
GOR       Gas‐oil ratio 
HHV       Higher heating value 
ISO         International Organization for Standardization 
LCA        Life‐cycle assessment 
LCFS       California’s Low Carbon Fuel Standard 
LHV        Lower heating value 
LPG        Liquefied petroleum gas 
NETL      National Energy Technology Laboratory 
PADD     Petroleum Administration for Defense Districts 
RBOB    Reformulated blendstock for oxygenate blending 
RFS2      EPA Renewable Fuel Standard 
SAGD    Steam‐assisted gravity drainage  
SCO       Synthetic crude oil 
SOR       Steam‐oil ratio 
TTW      Tank‐to‐wheels 
WCSB   Western Canadian Sedimentary Basin 
WTR      Well‐to‐refinery gate 
WTT      Well‐to‐tank 
WTW    Well‐to‐wheels 
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secondary according to the objective of producing premium fuel products from crude helps to understand 
why certain flows and sources of emissions may be excluded due to a lack of data or methods to estimate 
secondary flows, where processes are defined relatively consistently, and where different methods are 
used for treating LCA issues, such as co-products. This helps formulate conclusions about the key drivers 
that influence fuel life-cycle comparisons. 
 
Figure 2-1: Simplified petroleum system carbon and energy flow 

 
 

2.1 Carbon Mass Balance 
 
In the case of the carbon mass balance, it is helpful to consider the differences between the primary 
carbon flows and the secondary carbon flows. Primary carbon flows characterize most of the carbon in 
the system and start as crude in the ground. The crude is processed into premium fuel products such as 
gasoline, diesel, and kerosene/jet fuel, which are combusted and converted to CO2. These carbon flows 
drive the economics and engineering of the oil business and they are well-understood and well-
characterized.  Secondary carbon flows exist outside of the primary “crude-premium fuel products-
combustion” flow. Examples of secondary carbon flows associated with petroleum products include the 
production and use of petroleum coke; non-energy uses of petroleum, such as lubricating oils, 
petrochemicals, and asphalt; and changes in biological or soil carbon stocks as a result of land-use 
change. Among LCA studies, the life-cycle boundaries vary considerably in terms of whether and how 
they cover secondary carbon flows.  Because much of this secondary carbon is peripheral to the 
transportation fuels business (e.g., petroleum coke is often regarded as an unwanted co-product), studies 
use different approaches for evaluating these flows, and in some cases, the available information may be 
less complete compared to the primary “crude-premium fuel products-combustion” part of the system. 
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Note that lube oils and petrochemical feedstocks are considered peripheral to the primary fuel products 
that are combusted for energy. 
 

2.2 Energy Balance 
 
The energy balance consists of primary flows of premium fuel product-related energy and secondary 
flows of imported and exported energy. Most of the energy in the system is involved in extracting, 
upgrading, refining, transporting, and combusting the crude and premium fuel products, and most of the 
energy consumed comes from the crude. The vast majority of the energy exits the system when the 
premium fuel products are combusted. Similar to primary carbon flows, primary energy flows are well-
understood and well-characterized.  The secondary, imported energy comes from sources other than crude 
such as purchased electricity or natural gas and includes energy required to build capital equipment and 
infrastructure. The secondary, exported energy comes from crude but is not retained in the premium fuel 
product. For example, co-generation used for in situ crude extraction methods generates electricity, which 
is exported to the grid; or petroleum coke can be burned in lieu of coal to generate steam and/or 
electricity. The GHG emissions associated with imported and exported energy are highly sensitive to 
assumptions about the fuels involved. 

 
3.0 APPROACH 
 
The general approach for this study included the following steps, which are described in more detail 
below: 

1. Establish the scope for the review;   
2. Identify the studies for review; 
3. Develop a set of critical elements to review in each study 
4. Review the studies and refine the critical elements; 
5. Evaluate the elements across studies to identify the key drivers of the differences in GHG 

intensity; and 
6. Summarize the key drivers and place the GHG emission results in context. 

 
3.1 Establish the scope for the review 

 
The scope of the boundaries considered for this analysis include well-to-wheels (WTW) emissions 
resulting from extraction and processing of the crude from the reservoir, refining of the crude, combustion 
of the refined products, and transportation between the life stages.  This study also examines results for 
individual stages and portions of the life-cycle for oil sands-derived crudes and reference crudes where 
values were reported.  Not all studies in this review include a full WTW life-cycle assessment; several 
studies focus on the well-to-tank (WTT) portion of the life-cycle, while others consider only the crude 
production emissions.  WTT analyses include the emissions associated with the processes up to, but not 
including, combustion of the refined products.  This study looks at the GHG implications for the three 
premium fuel products (i.e., gasoline, diesel, and jet fuel) as well as co-products derived from the 
different types and sources of crude oil.   
 
In order to understand the differences not only between WCSB oil sands-derived crudes and reference 
crudes, but also between different types of WCSB oil sands crudes and technologies, this study included 
the following types of crudes derived from WCSB oil sands:1   

                                                            
1 In situ crude extraction methods of steam-assisted gravity drainage (SAGD) and cyclic steam stimulation (CSS) 
are more energy intensive than mining and involve drilling and injecting steam into the wellbore to recover deeper 
deposits of oil sands than those present on the surface (IHS CERA 2010).   
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● Canada oil sands cyclic steam stimulation (CSS) bitumen, synthetic crude oil (SCO),2 dilbit,3 and 
synbit4 

● Canada oil sands steam-assisted gravity drainage (SAGD) SCO, bitumen, dilbit, and synbit 
● Canada oil sands mining SCO, bitumen, dilbit, and synbit 

Section 4.2.1.1 describes the different extraction methods in detail. 
 
Four reference crudes were selected to reflect a range of crude oil sources and GHG intensities and 
include: 

 The average U.S. barrel consumed in 2005 (from NETL 2008). This reference was selected 
because it provides a baseline for fuels produced from the average crude consumed in the United 
States.  It also serves as the baseline in the U.S. Renewable Fuel Standard Program, RFS2 (EPA 
2010).  

 Venezuela Bachaquero and Mexico Maya, which are representative of heavy crudes currently 
refined in PADD III refineries.5  Conceptually, these crudes may be displaced by the arrival of 
WCSB oil sands at the Gulf Coast refineries, although it is likely that they would find markets 
elsewhere and would still be produced. 

 Saudi Light (i.e., Middle East Sour), which was taken to be the balancing grade for world crude 
oil supplies in the Keystone XL Assessment. Conceptually, this is the crude that is most likely to 
be “backed out” of the world market if additional supply of WCSB oil-sands crudes are produced, 
as indicated in the DOE/EnSys report in the accompanying appendix.    

 
3.2 Identify the studies for review 

 
Several studies provide assessments of the life-cycle GHG implications of WCSB oil sands crude relative 
to reference crudes.  DOS, in conjunction with EPA, DOE, and CEQ, selected studies for review on the 
following basis:  

 The reports evaluate WCSB crude oils in comparison to crude oils from other sources; 
 The reports focus on GHG impacts throughout the crude oil life-cycle; 
 The reports were published within the last 10 years, and most were published within the last five 

years; 
 The reports represent the perspectives of various stakeholders, including industry, governmental 

organizations, and non-governmental organizations; and 
 The reports originate from research bodies within the United States, Canada, and other 

international locations.   
 

Table 3-1 provides a list of primary and additional sources identified and reviewed for this analysis, 
which include seven LCAs, two partial LCAs, four meta-analyses (synthesizing results from other LCAs), 
two models, and one white paper. 
 
 
 
 
 

                                                            
2 SCO is a product of upgrading bitumen.   
3 Dilbit is diluted bitumen, a mix of bitumen and condensate.  Diluting the bitumen reduces the viscosity so that it 
can flow through a pipeline. 
4 Synbit refers to a SCO and bitumen blend. 
5 Petroleum Administration for Defense Districts (PADDs) are geographic areas of the United States that were 
delineated in World War II to coordinate the allocation of fuels. PADD III refineries are those located in the Gulf 
Coast area, namely Alabama, Arkansas, Louisiana, Mississippi, New Mexico, and Texas (EIA 2011). 
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Table 3-1: Primary and additional studies evaluated 

Primary Studies Analyzed  Type  Boundaries 

NETL.  2008.  Development of Baseline Data and Analysis of Life Cycle Greenhouse Gas 
Emissions of Petroleum-Based Fuels. 

Individual LCA WTW 

NETL. 2009.  An Evaluation of the Extraction, Transport and Refining of Imported Crude Oils 
and the Impact of Life Cycle Greenhouse Gas Emissions. 

Individual LCA  WTW 

IEA.  2010.  World Energy Outlook. Meta-analysis  WTW 

IHS CERA.  2010.  Oil Sands, Greenhouse Gases, and U.S. Oil Supply: Getting the Numbers 
Right. 

Meta-analysis  WTW 

NRDC.  2010.  GHG Emission Factors for High Carbon Intensity Crude Oils, ver. 2. Meta-analysis  WTW 

Energy-Redefined LLC for ICCT.  2010.  Carbon Intensity of Crude Oil in Europe Crude. Individual LCA  WTT6 

Jacobs Consultancy.  2009.  Life Cycle Assessment Comparison of North American and 
Imported Crudes.  

Individual LCA WTW 

TIAX LLC.  2009.  Comparison of North American and Imported Crude Oil Lifecycle GHG 
Emissions. 

Individual LCA WTW 

Charpentier, et al.  2009.  Understanding the Canadian Oil Sands Industry’s Greenhouse Gas 
Emissions.  

Meta-analysis WTW 

Additional Studies/Models Analyzed    

RAND Corporation.  2008.  Unconventional Fossil-Based Fuels: Economic and Environmental 
Trade-Offs.  

Individual LCA  WTW 

Pembina.  2005.  Oil Sands Fever: The Environmental Implications of Canada’s Oil Sands 
Rush. 

Partial LCA WTR7 

Pembina.  2006.  Carbon Neutral 2020: A Leadership Opportunity in Canada’s Oil Sands.  Oil 
sands issue paper 2.  

Partial LCA WTR7 

McCann and Associates.  2001.  Typical Heavy Crude and Bitumen Derivative Greenhouse 
Gas Life Cycles.    

Individual LCA WTW 

GHGenius. 2010. GHGenius Model, Version 3.19. Natural Resources Canada. Model WTW 

GREET.  2010. Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation 
Model, Version 1.8d.1. Argonne National Laboratory.  

Model WTW 

Pembina. 2011. Life cycle assessments of oil sands greenhouse gas emissions: A checklist for 
robust analysis.  

White Paper NA 

 
3.3 Develop a set of critical elements to review in each study   

 
We developed an initial set of approximately 50 attributes for review, guided by specifications on scope, 
data quality requirements, and appropriateness of comparisons from the ISO standards (14040:2006, 
14044:2006) as well as an engineering understanding of crude oil life-cycle processes.   These attributes 
are listed in Table 3-2.  For each study and crude and fuel type specified, these elements included 
specifics on each stage of the life-cycle (e.g., whether the element was included in the study, and if so, the 
value, units, and data sources), boundary elements included/excluded, technology assumptions, 
equivalencies assumptions, information on the allocation approach and treatment of emissions associated 
with co-products, and elements to assess data quality and the appropriateness of comparisons.  We also 
gathered general study information (e.g., study purpose, reference year, overarching assumptions).   
 
 

                                                            
6 Excluding distribution. 
7 Up to oil sands facility gate, excluding transportation to refinery and refining. 
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Table 3-2: Attributes evaluated for each study 

General LCA Boundaries Co-products 
Purpose Upstream production of fuels Allocation approach 

Reference year or years Flaring/venting Production of electricity from 
cogen 

Scope of LCA boundaries Fugitive leaks Petroleum coke 
Geographic scope Methane emissions from mine face Light products (propane, butane) 

Functional unit Methane emissions from tailing 
ponds 

Data Quality Assessment 

Method Mining/extraction Citation of ISO or other LCA 
standards 

Technology Assumptions Local land use change Peer review 
Extraction method Indirect land use change Completeness  

Lift methods Transport to upgrading Representativeness 
Refinery Upgrading technology Consistency  

Steam/oil ratio Transport to refinery Critical data gaps 
Other Refining Reproducibility 

Equivalencies and Conversions Distribution to retail Age of data 
Global Warming Potential (GWP) 

coefficients 
Storage Sources of data 

HHV or LHV Combustion General Assessment 
API gravity Inclusion of infrastructure or capital 

equipment 
Appropriateness of comparison 

  Overall assessment 
 

3.4 Review the studies and refine the critical elements 
 
We reviewed each of the primary studies in depth, with particular attention to the critical elements.  
Secondary studies were analyzed in less depth.  We recorded data, assumptions, or other information 
related to the critical elements, allowing for easier comparison of criteria across the studies.  
 
After the initial review of the studies against the main criteria, a survey of the data and information 
collected made it possible to identify those elements that were missing from the initial review or 
warranted additional attention. For example, the initial review suggested that the treatment of petroleum 
coke may have a large impact on GHG emissions differences between fuels and studies. Over several 
iterations, the compiled data and information were analyzed, the criteria were modified to more 
thoroughly meet the objectives of the analysis, and the studies were reviewed against the enhanced 
criteria. As preliminary comparisons of the LCA boundaries, study design factors, and input and 
modeling assumptions were conducted across the studies, key drivers of the results became more 
apparent, leading to the next step in the analysis. 
 

3.5 Evaluate the elements across studies to identify the key drivers of the differences in 
GHG intensity   

 
Once each study had been reviewed against the refined review criteria, it was possible to compile the 
relevant emissions estimates, data, and other information to identify the key drivers of the emissions 
differentials. The key drivers were evaluated across a number of study design factors and assumptions, 
including, but not limited to, LCA boundaries, time period, allocation methods, crude and fuel types, and 
choice of functional unit. We compared the results across studies where similar design factors and 
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assumptions enabled comparisons to be made between studies. A discussion of the key drivers and the 
impact they have on the emissions estimates is included in the Results section 4.4, below.  
 

3.6 Summarize the key drivers and place the GHG emission results in context  
 
The GHG emission results from NETL (2008; 2009) were used to evaluate and compare the key drivers 
and GHG results against the other studies included in the assessment. NETL’s estimates cover a range of 
the world crude oils consumed in the United States, including the WCSB oil sands as well as the “average 
crude” consumed in the United States in 2005.8  Because the NETL-developed emission factors were 
selected to be a key input to the DOE/EnSys analysis (2010) and to EPA’s renewable fuel regulations, 
they serve as an important reference case for evaluating life-cycle emissions for different crude sources.  
 
The key findings from this assessment include a summary of the key drivers and the relative impact that 
these drivers could have on comparisons of life-cycle GHG emissions between WCSB oil sands crudes 
and reference crudes.  As discussed later, we also address differences across the studies, and—where data 
were available within the studies—the relative impact that these differences had on the life-cycle results. 
 
4.0 RESULTS AND DISCUSSION 
 
This section contains our assessment of the studies comparing life-cycle GHG emissions from WCSB oil 
sands crudes to reference crudes. The section is organized to characterize the key factors across the 
studies and then to evaluate their impact on the final results. By organizing it in this way, we highlight 
conclusions that are robust across all of the studies, and identify areas where the studies differ. 
 
Our discussion starts by introducing the key factors that drive the differences in the life-cycle GHG 
emission estimates of the studies. The factors belong to two separate groups: (i) study design factors that 
relate to how the comparison of GHG emissions is structured by each study, and (ii) input and modeling 
assumptions that are used to calculate the GHG emission results. Study design factors are explained in 
section 4.1, and input and modeling assumptions are explained in section 4.2. 
 
Then, we discuss data quality and transparency issues across the studies in section 4.3.  This is followed 
by our analysis of the impact of the key factors on the life-cycle GHG emissions of WCSB oil sands 
crudes compared to reference crudes. In section 4.4 we use the NETL (2008; 2009) studies as a basis to 
evaluate and compare the key study design factors and input and modeling assumptions against the other 
studies. This section provides information on the relative magnitude of impact of each factor, and how 
each factor contributes to the GHG-intensity of WCSB oil sands crudes relative to reference crudes. 
 
Finally, section 4.4.3 provides two figures that summarize the relative change in WTW and WTT GHG 
emissions for gasoline produced from WCSB oil sands crudes relative to each of the four reference crudes 
in the scope of this assessment.  
 

4.1 Study Design Factors 
 
Study design factors relate to how the GHG comparison is structured within each study. These factors 
include the types of crudes and refined products that are compared to each other, the timeframe over 
which the results of the study are applicable, the life-cycle boundaries established to make the 
comparison, and the functional units or the basis used for comparing the life-cycle GHGs for crudes or 
fuels to each other. 
 

                                                            
8 This 2005 average serves as the baseline in the U.S. Renewable Fuel Standard Program (EPA 2010). 
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4.1.1 Crude and fuel types 
 
The crudes used in LCAs are representative of a crude oil produced from a particular country or region. 
Most LCAs refer to reference crudes in terms of their country of origin (e.g., Mexico) and the name of the 
crude (e.g., Maya). The crude’s name is meant to indicate a crude oil with specific properties.  
 
The petroleum properties most-commonly used to differentiate between crudes are the fuel’s American 
Petroleum Institute (API) gravity, sulfur content, and—less frequently—hydrogen-carbon (H-C) ratio. 
The API gravity indicates how heavy or light a petroleum liquid is as compared to water;9 a lighter liquid 
has a higher API gravity. Depending on their weight, crudes are often referred to as light (high API 
gravity), medium (medium API gravity), and heavy (low API gravity). Generally, crudes with a low API 
gravity require more energy to refine into premium fuel products such as gasoline, diesel, and jet fuel. 
Crudes with a low sulfur content are referred to as “sweet”, while those with a high sulfur content are 
referred to as “sour”; the more sour the crude, the greater the energy input required to remove the sulfur. 
Finally, the H-C ratio is an indicator of the cross-linkage of the hydrocarbon chains that the crude is 
composed of. Crudes with a lower H-C ratio (i.e., more carbon atoms for each hydrogen atom) will 
require more energy inputs to refine into premium fuel products. 
 
The relative difference in WTW emissions between two crudes varies greatly depending on the properties 
of the crudes being compared.  For example, fuels refined from WCSB oil sands crudes will generally 
have higher life-cycle GHG emissions than fuels from crudes with a higher API, low sulfur content, and 
higher H-C ratio. The relative difference will be much narrower if the same oil sands crude is compared 
to a crude with a low API, high sulfur content, and low H-C ratio. 
 
As a result, the properties of the “reference”, or comparison, crudes against which WCSB oil sands are 
evaluated are very important drivers behind the final result. LCAs that compare WCSB oil sands to 
heavier reference crudes will yield a narrow range in life-cycle GHG emissions between the two crudes, 
while analyses that select lighter reference crudes will show a wider range in GHG emissions. Table 4-1 
shows the difference in Venezuelan reference crude fuel properties across three studies as an example. 
TIAX (2009) selected a lighter Bachaquero heavy crude than Jacobs (2009); NETL (2009) did not 
provide specific properties, but evaluated two different Venezuelan blends—a conventional blend that 
excluded heavy oil extraction and upgrading, and a heavy Venezuelan bitumen. 
 
 
 
 
 
 
 
 
 
 
 
 

                                                            
9 The API gravity of water is 10. Crude oils or products with API gravity less than 10 are heavier than water (sink in 
water). Oils with gravities greater than 10 float on water. Heavier crude oils have more residuum (i.e., asphaltic) 
content and less naphtha (i.e., gasoline) and distillate content. Lighter crude oils have more naphtha and distillate 
content and less residuum content. 
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Table 4-1: Differences in reference crudes addressed in LCA studies, as illustrated by variations in properties 
of Venezuelan crudes 
Study Crude Properties Notes 

TIAX Venezuela Lake 
Maracaibo 
Heavy Crude 

API 17, 2.4% wt 
sulfur 

TIAX selected Bachaquero 17 produced from Venezuela’s Lake 
Maracaibo field as the representative crude oil from Venezuela. 
The predominant recovery method is thermal recovery with 
cyclic steam stimulation (CSS) and sucker rod pumping.  (p. 12) 

Jacobs Bachaquero - 
Conventional 

10.7 API, 2.8% wt 
sulfur refined into 
Reformulated 
gasoline (RBOB) 

Jacobs selected “the heaviest [Bachaquero] blends" (p. 6) as the 
Venezuela reference crude, although several Bachaquero blends 
are sold, with APIs at 14 and 17 (p. 30). 

NETL Venezuelan 
bitumen 

API of 7 to 10 “While Canada and Venezuela bitumen have similar API 
gravity (7 to 10 degrees), Venezuela’s bitumen has a lower 
viscosity and a greater reservoir temperature than Canada’s.” 
(NETL 2009, p. 6) 

  Venezuelan 
conventional 

Not specified “Heavy oil extraction and upgrading is a growing piece of 
Venezuelan oil production. However, due to limited availability 
of information, the extraction emissions profile used does not 
incorporate such activities.” (NETL 2008, p. 125) 

 
Although the comparisons within each study are internally consistent, the variation in the properties of the 
reference crudes results in an “apples to oranges” comparison across the different studies. It must be 
noted that API gravity is not a good measure in comparing synthetic crude oil (SCO) and diluted bitumen 
(dilbit) because the former is a “heart cut” product with very little light hydrocarbons and no residuum, 
while the latter is a “dumbbell” blend of light hydrocarbons (gas condensate) and bitumen (heavier 
hydrocarbons). SCO, dilbit and a full range conventional crude oil may have nearly the same API gravity, 
but very different energy or GHG intensities to produce a barrel of premium fuel products. 
 

4.1.2 Time period 
 
The time period over which GHG estimates of WCSB oil sands and reference crudes are valid is a critical 
design factor. Most studies focused on present conditions or years for which data were available, as 
shown in Table 4-2. Since the life-cycle emissions of both WCSB oil sands crudes and reference crudes 
will change over the design lifetime of the proposed Project, comparisons based on current data will not 
account for future changes that could alter the differential between oil sands and reference crudes. 
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Table 4-2: Reference years for LCA studies 
Study Reference year(s) 
NETL, 2008 2005 
NETL, 2009 2005 
IEA, 2010 2005-20091 
IHS CERA, 2010 ~2005-20302

NRDC, 2010 2006-20103

ICCT, 2010 2009 
Jacobs Consultancy, 2009 2000s 
TIAX, 2009 2007-20094

Charpentier, et al., 2009 1999-20083

GHGenius, 2010 Current5

GREET, 2010 Current6

RAND, 2008 2000s 
Pembina Institute, 2005 2000, 2004 
Pembina Institute, 2006 2002-20057

McCann and Associates, 2001 2007 
1 Reference year reflects the publication dates of the report's main data sources. 
2 "Over the past five years the GHG intensity of US oil sands imports has been steady, and is expected to remain steady or decrease somewhat 
over the next 20 years" (p. 8-9). 
3 Based on the dates of the reports compiled, the results from each report are likely based on data several years older than the publication date of 
the report. 
4 "Oil sands data are chosen to be as close to current as possible." p. 24. 
5 GHGenius contains data representative of current operations, but the model can run projections out to 2050. 
6 GREET contains data representative of current operations and was last updated in 2010. 
7 Data from studies published from 2002 to 2005 (p. 11). 

 
Most studies contained data from the mid-to-late 2000s, with one study with a reference year in the 1990s 
and two sources with reference years as current as 2010. Although IHS CERA noted that the GHG 
intensity of “U.S. oil sands imports […] is expected to remain steady or decrease somewhat over the next 
20 years”, the study did not model future emissions in detail, nor did it comment on changes in the GHG 
intensity of other reference crudes (2010, p. 8-9). GHGenius (2010) uses data representative of current 
WCSB oil sands operations although the model can run projections out to 2050. 
 
Many factors will affect the life-cycle GHG emissions of both WCSB oil sands and reference crudes over 
time. First, GHG emissions from extraction will increase in the future for most reference crudes as it will 
take more energy to extract crude from increasingly depleted oil fields and to explore for further 
resources. In comparison, all WCSB oil sands are near the surface. This means that, for surface-mined 
bitumen, energy requirements are likely to stay relatively constant. At the same time, in situ extraction—
which is generally more energy- and GHG-intensive than mining—will  represent a larger share of oil 
sands production in the future. Some analysts also predict that technical innovation will likely continue to 
reduce the GHG-intensity of SAGD operations (IHS CERA 2010).  
 
Technologies for combusting or gasifying petroleum coke may also become more prevalent in WCSB oil 
sands operations, which could increase GHG emissions. For example, OPTI/Nexen’s Long Lake Phase 1 
integrated oil sands project began operation in January 2009 and gasifies heavy ends produced at the 
upgrader (Nexen 2011).  
 
On the other hand, over the longer term, carbon capture and storage (CCS) technologies could reduce the 
GHG footprint of WCSB oil sands crudes. The timeframe for adoption of CCS at oil sands facilities is on 
the order of 15 to 20 years, but the timeframe – and whether CCS will ultimately be adopted – remains 
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highly uncertain (Alberta Carbon Capture and Storage Development Council 2009, p. 12). Because 
WCSB oil sands are located in an area generally not suitable for underground storage, underground 
storage of CO2 captured at oil sands facilities would require pipeline infrastructure to transport the CO2 to 
suitable underground storage locations (Bachu et al. 2000, pp. 74-76). Finally, CCS could also be 
applicable to concentrated streams of CO2 released from reference crude production facilities, which 
would also lower the GHG emissions profile of reference crudes to the extent that CCS is applied at these 
facilities on a commercial scale.  
 
The gap is more likely to narrow than widen between the GHG emissions for WCSB oil sands production 
relative to other reference crudes. The gap in WTT GHG emissions between WCSB oil sands and 
reference crudes will narrow as reference crude production becomes more energy intensive, and as the 
energy intensity of oil sands in situ production becomes more efficient. On the other hand, there is 
considerable uncertainty regarding the extent to which coke combustion could increase, and the rate of 
adoption of CCS and development of CO2 pipeline infrastructure. 
 

4.1.3 LCA boundaries 
 
The boundaries of a given LCA describe which sources of GHG emissions are included in the scope of 
the study and which are excluded. The following are three common LCA boundaries used in the studies 
we reviewed: 

 Well-to-refinery gate (WTR) 
 Well-to-tank (WTT) = WTR + Refinery-to-tank (RTT) 
 Well-to-wheels (WTW) = WTR + RTT + TTW 

 
WTR studies generally include emissions from upstream production of fuels, mining/extraction, 
upgrading, and transport to refinery. WTT studies generally include emissions the stages contained in 
WTR studies, plus refining and distribution. WTW include all of the stages typically addressed in WTT 
studies plus emissions from the combustion of fuels.  
 
Figure 4-1, drawn from the IHS CERA (2010) report, shows the emissions sources typically included in 
both WTT and WTW boundaries and the relative differences between the WTT emissions from U.S. 
average crudes and energy-intensive crudes. Regardless of the WTT emissions, final product combustion 
generally makes up approximately 70 to 80 percent of the WTW emissions and is the same regardless of 
the crude source. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix, July 13, 2011 Page 12 
 

Figure 4-1: Relative magnitude of WTT (i.e., well-to-pump), TTW (i.e., final product combustion), and WTW 
emissions for U.S. average crudes and energy-intensive crudes (IHS CERA 2010) 

 
 
Table 3-1, located in the Approach section 3.2 above, provides the LCA boundaries for each of the studies 
that were included in the scope of this assessment. While most studies fall into one of the three categories 
(i.e., WTR, WTT, or WTW), some studies exclude certain stages. For example, ICCT (2010) included 
WTT emissions but excluded emissions from the distribution of finished products to the market. We 
noted these important LCA stage differences across the studies to ensure that comparisons were made 
across results with the same boundaries. 
 
Within each of the life-cycle stages discussed above, specific flows of carbon and GHG emissions are 
excluded or handled differently across the studies. These flows include the following: 
 

 Upstream energy use and GHG emissions from producing imported fuels and electricity that are 
purchased from off-site and brought on-site for process heat and power; 

 Fugitive methane emissions, emissions from flaring and venting, and—for oil sands operations—
methane emissions from the mine face and tailing ponds; 

 Releases and storage of carbon associated with land-use change; 
 Energy use and GHG emissions from the production of capital equipment and infrastructure; and 
 Inclusion of co-products (see the allocation, co-products, and offsets section 4.1.4 for details). 

 
These flows tend to be secondary energy and carbon flows that are not directly associated with the 
primary flows of energy and carbon associated with premium refined fuel products, as defined in the 
conceptual framework described in section 2.0 of this appendix. While primary flows are generally 
consistently included within the LCA boundaries of the studies, the treatment of secondary carbon flows 
is handled differently across the studies. 
 
An assessment of these flows across each of the studies – and the impact of these differences across 
studies on the comparability of results – is discussed in detail in section 4.4 below.  
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4.1.4 Allocation, co-products, and offsets 
 
Allocation is a method used by LCA practitioners to attribute a portion of the emissions burden to co-
products. Co-products are two or more products that are output from a process or product system. For 
example, in a refinery, gasoline, diesel, and jet fuel are all co-products. Other co-products produced from 
upgrading and refining crude oil can include: petroleum coke, liquefied petroleum gas (LPG), sulfur, and 
surplus cogenerated electricity. 
 
There are three different approaches for handling co-products in LCAs:  

1. All co-products can be included within the LCA boundary (also known as “system expansion”).  
2. It may be possible to split or separate a process into two or more sub-processes that each describe 

an individual product.  
3. When the goal of a study is to evaluate a specific co-product (for instance, gasoline independent 

of diesel, jet fuel, or other co-products), and it is not possible to expand or split the system, it is 
necessary to allocate a portion of GHG emissions to each co-product, exclude these other co-
products from the LCA system boundary, and only consider the GHG emissions associated with 
making and consuming the co-product of interest.  

ISO standards suggest avoiding allocation, when possible, through methods like system expansion and 
process division. When allocation cannot be avoided, ISO recommends allocating according to the 
underlying physical relationships between different products. 
 
Allocation of GHG emissions is not necessary in studies that evaluate WTW emissions per barrel of 
refined products because the LCA boundary includes all of the refined products (i.e., gasoline, diesel, jet 
fuel, as well as coke, LPG, and sulfur). In contrast, studies that evaluate WTW emissions for specific 
premium fuels such as gasoline, diesel, or jet fuel allocate a portion of the upstream GHGs to each fuel, 
typically on a fuel energy-content basis. Additionally, these studies may include the GHG burdens from 
producing co-products such as LPG and coke, to the premium fuel products (i.e., gasoline, diesel, or jet 
fuel), or they may allocate GHG emissions to these other co-products as well and exclude them from the 
system boundary.  
 
Comparisons made between the various studies must take into account how co-products are treated in 
each study. Although individual studies may be internally consistent in how they treat allocation and co-
products, the different approaches to accounting for co-products can have a significant impact on life-
cycle emissions, and can result in “apples to oranges” comparisons across the studies. 
 
Petroleum coke, LPG, sulfur, and excess electricity from cogeneration (if applicable) are co-products that 
are produced as a result of producing the premium fuel products of gasoline, diesel, and jet fuel. These 
co-products are necessary outputs in order to produce premium fuels and would not be produced in the 
same quantities on their own. As a result, several studies assign a credit for using these lower-value, or 
secondary, co-products to offset the production and use of other products or fuels. For example, TIAX 
(2009) included a credit for exported electricity in certain WCSB oil sands production scenarios, 
assuming that cogenerated electricity is sold to the grid, offsetting natural gas combustion in turbines.  
 
Applying offset, or substitution, credits for petroleum coke and exported electricity can have a large 
impact on WTW GHG emissions. These credits are discussed in more detail in sections 4.2.1.4 and 
4.2.3.1. Charpentier et al. 2009 noted that “emissions intensities can be significantly impacted by the 
allocation and crediting methods applied to co-products (e.g., coke, sulfur, cogenerated electricity 
surplus). There has been little attention to these issues in the literature, hence the lack of prior discussion 
in this paper. However, thorough treatment of these issues will be required in future studies." 
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4.1.5 Metrics 
 
Comparing results from different studies is further complicated by each study’s choice of functional unit. 
The functional unit is the basis for comparing GHG emissions across the different crudes and fuels in 
each study. While GHG emissions are consistently reported in units of carbon dioxide-equivalent,10 
emissions are expressed over a wide range of different functional units across the studies.  
 
The studies that evaluated WTT and WTW GHG emissions can be classified into two groups: (i) those 
that evaluated GHG emissions on the basis of a specific premium fuel product (e.g., gasoline independent 
of diesel or jet fuel), and (ii) those that evaluated GHG emissions per barrel of all refined products.11 The 
choice of functional unit affects how the final results are presented, and makes it challenging to compare 
across different functional units. For example, NETL used three separate functional units: GHG emissions 
per MJ of gasoline, per MJ of diesel, and per MJ of jet fuel. IHS CERA, in contrast, used GHG emissions 
per barrel of refined products. These functional units cannot be directly compared to one another, and 
converting the NETL results to a barrel of all refined products requires a careful review of the underlying 
allocation methods used to separate the gasoline, diesel, jet fuel, and other co-products. 
 
In addition to using different final product functional units, studies also express results in various units of 
measurement. For WTR studies, results were given in terms of volume (e.g., per barrel of bitumen, dilbit, 
or SCO) or energy (e.g., megajoule). For WTT and WTW studies, emissions were given in terms of 
volume, energy, or distance. Studies using a functional unit of volume provided emissions estimates 
either per barrel of refined products, or per barrel of a specific refined fuel (e.g., gasoline, diesel, or 
distillates). Studies using a functional unit of energy provided emissions estimates per MJ or Btu and both 
in terms of higher heating value (HHV) or lower heating value (LHV). Studies using a functional unit of 
distance provided emissions estimates per km burned in vehicle engine. This wide range of metrics has 
made comparisons across studies difficult in some instances, necessitating several unit conversions. 
 

4.2 Input and Modeling Assumptions 
 
The second set of factors driving the comparisons are input and modeling assumptions that are made at 
each life-cycle stage. Due to limited data availability and the complexity of and variation in the practices 
used to extract, process, refine, and transport crude oil, studies often use simplified assumptions to model 
GHG emissions.  
 
This sub-section summarizes the key input and modeling assumptions in three groups:  

1. Factors that affect WCSB oil sands-derived crudes,  
2. Factors that affect reference crudes, and 
3. Factors that affect both types of crudes. 

                                                            
10 As explained in the 2011 Draft U.S. GHG Inventory Report, “the IPCC developed the Global Warming Potential 
(GWP) concept to compare the ability of each greenhouse gas to trap heat in the atmosphere relative to another gas” 
(EPA 2011). In the U.S. GHG Inventory report, CO2 has a GWP of 1, while CH4 and N2O have GWPs of 21 and 
310, respectively. In this report and many others dealing with GHG emissions, the reference gas used is CO2, and 
therefore GWP-weighted emissions are measured in units of CO2 equivalent (CO2e). In the studies discussed in this 
appendix, CO2 is the predominant GHG emitted, so emissions in units of CO2e are often nearly equal to the quantity 
of CO2 emitted. 
11 IHS CERA (2010) expressed GHG emissions “in units of kilograms of carbon dioxide equivalent per barrel of 
refined product produced, (kgCO2e per barrel of refined products).” Refined products are defined by IHS CERA as 
“the yield of gasoline, diesel, distillate, and gas liquids from each crude.” The authors noted that petroleum coke is a 
co-product of creating the refined products, but did not consider the GHG emissions associated with its combustion. 
Similar to IHS CERA, IEA (2010) expressed GHG emissions per barrel of crude, “assuming the emission from end-
use are the same for each crude and equal to those of the combustion of an average crude”. 



Appendix, July 13, 2011 Page 15 
 

 
4.2.1 Factors that Affect Oil Sands-Derived Crudes 

 
Key input assumptions for WCSB oil sands-derived crudes include the type of extraction process (i.e., 
mining or in situ production); the steam-oil ratio assumed for in situ operations; the efficiency of steam 
generation, and thus its energy consumption; and—for SCO—the upgrading processes (i.e., pre-refining) 
modeled and whether estimated downstream refinery GHG emissions account for upgrading. 
 

4.2.1.1 Type of Extraction Process 
Two methods of extracting bitumen are currently used in the WCSB oil sands: mining and in situ. Oil 
sands deposits that are less than 75 meters below the surface can be removed using conventional strip-
mining methods and sent for processing. The bitumen is separated from the rock and fine tailings and 
either blended with diluents for efficient pipeline transport or sent to an upgrader where the bitumen is 
partially refined into SCO, a lower-viscosity crude oil with a lower sulfur content (IEA 2010, p. 149-150; 
Charpentier et al. 2009, p. 2). Mining accounts for roughly 48 percent of total bitumen capacity in the 
WCSB oil sands as of mid-2010 (IEA 2010, p. 152). 
 
Oil sands deposits that are deeper than 75 meters below the surface are recovered using in situ methods. 
Most in situ recovery methods currently in operation involve injecting steam into an oil sands reservoir to 
heat, and thus decrease the viscosity of the bitumen, enabling it to flow out of the reservoir sand matrix to 
collection wells. Steam is injected using cyclic steam stimulation (CSS), where the same well cycles 
between periods of steam injection and bitumen production, or by steam-assisted gravity drainage 
(SAGD), where a pair of horizontal wells is drilled; the top well is used for steam injection, and the 
bottom well for bitumen production. Bitumen produced from in situ operations is either upgraded into 
SCO or blended with condensates (to produce dilbit) or blended with SCO (to produce synbit) and sent 
directly to refineries that can accept raw bitumen (IEA 2010, p. 149-150; Charpentier et al. 2009, p. 2). 
 
GHG emissions vary by the type of extraction process used to produce bitumen. Due to the high energy 
demands for steam production, steam-injection in situ methods are generally more GHG-intensive than 
mining operations. Table 4-3 shows that across three meta-analyses of WTW GHG assessments, in situ 
methods of extraction emit between three and nine percent more GHGs than mining. 
 
Table 4-2: Increase in WTW GHG emissions from in situ extraction of oil sands compared to mining 

Source WTW GHG 
emissions 

Units Percent 
increase1 

Notes 

 Mining In situ    
IHS CERA 2010, 
Table A-8 

518.6 554.6 kgCO2/bbl 
refined products 

7% SCO from in situ compared to 
mining 

NRDC 2010a, p. 2 106 116 gCO2/MJ 
gasoline 

9% Average estimate for SCO from in 
situ compared to mining based on 
a range of literature values 

Charpentier et al. 
2009, Figure 2 

260 to 
310 

310 to 
350 

gCO2e / km 3 to 9% SCO from in situ compared to 
mining, based on comparison of 
values from the GHGenius and 
GREET models 

1 Percent increase in WTW GHG emissions from in situ compared to mining extraction of WCSB oil sands. 
 

4.2.1.2 Steam-oil Ratio for In Situ Extraction 
The steam-oil ratio (SOR) is the ratio of steam injected to recover oil in SAGD and CSS operations. It is a 
measure of the volume of steam needed to produce a unit volume of oil. The SOR varies across individual 
in situ projects, as shown in Figure 4-2 and Table 4-4. The values in Figure 4-2 range from 2.5 to 5.0 
across SAGD operations in the WCSB oil sands, while Table 4-4 shows a range of 1.94 to 7.26. In 
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addition, SOR is a function of the price of crude oil and natural gas in the world: the higher the price, the 
more energy can be justified to produce an increment of crude from each well. In any case, less than 100 
percent of the bitumen is recovered and more recovery runs up against diminishing returns for increased 
cost of energy for steam production. 
 
Figure 4-2: Reported SORs for SAGD WCSB oil sands projects ((S&T)2 Consultants 2008, pp. 18) 

 
 
Table 4-4: Reported SORs for CSS and SAGD WCSB oil sands projects (NRDC 2010b, citing ERCB 2009) 

 
 
The SOR is an important parameter because steam production at SAGD and CSS operations dominates 
energy consumption in the extraction stage. Charpentier et al. (2009) demonstrate that the GHG emissions 
from SAGD and CSS operations are very sensitive to the SOR. Every 0.5 increase in the SOR 
corresponds to a six cubic meter increase in natural gas consumption, or an additional 10 kgCO2e per 
barrel of bitumen produced (p. 7, citing NEB 2006). In addition to SOR, the steam generation efficiency 
and fuel source are also important factors in overall GHG emissions. Information on steam generation 
efficiency was not located in all of the studies reviewed, however.  
 
Table 4-5 summarizes the SOR assumptions in each study. A number of sources did not provide an 
estimate for the SOR assumed for in situ operations described in the study, but for those that did, the 
assumed SOR for SAGD ranges from 2.5 to 3, and the SOR for CSS ranges from 3.35 to 4.8, depending 
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on the project assumptions and the source. These findings suggest that, in general, studies assume that the 
SOR is higher for CSS operations than SAGD operations. 
 
Table 4-5: SOR assumptions for in situ WCSB oil sands operations in each of the studies reviewed 
Study SOR Notes 

SAGD CSS 
NETL, 2008 -- --  
NETL, 2009 -- --  
IEA, 2010 NE NE States that the industry norm for in situ operations is 

approaching 3. 
IHS CERA, 2010 3 3.35  
NRDC, 2010 NE NE Study notes that it varies by crude, but does not explicitly 

discuss the values. 
ICCT, 2010 NE NE  
Jacobs, 2009 3 NA  
TIAX, 2009 2.5 4.8; 3.4 CSS values are for specific operations using onsite electricity 

and grid electricity, respectively. 
Charpentier, et al., 2009 NE NE Depends on the study but this meta-analysis indicated that 

many studies do not report their assumed SORs. 
RAND, 2008 2.5 NA Study indicates that a high-quality SAGD reservoir has an 

SOR of ~2.5 but this can vary widely by site or operation. 
Footnote on page 19 indicates that an SOR of 2.5 is also used 
in "the MIT model" used in the analysis. 

Pembina Institute, 2005 NE NE  
Pembina Institute, 2006 NE NE  
McCann, 2001 NE NE  
GHGenius, 2010 3.2 --  
GREET, 2010 -- --  
Note: -- = Not located; NA = Not Applicable; NE = Not Estimated or Not Stated. 

 
4.2.1.3 Type of Upgrading Processes Modeled 

Upgrading lowers the viscosity of, and removes sulfur from, bitumen before it is transported by pipeline 
for refining. The resulting product from refining is SCO, essentially a “pre-refined” crude oil with no 
residuum and a lower sulfur content. The viscosity of bitumen can be lowered either by removing the 
heaviest fraction of the oil (residuum) by vacuum distillation or precipitation of asphaltenes, or by adding 
hydrogen in a “hydrocracking” process. The vacuum residuum can be further refined in a “coking” 
process to produce gasoline and distillate (i.e., premium fuel products) range fractions (blended back into 
the SCO) and petroleum coke.  
 
Upgraders that use a portion of the heavy ends (i.e., residuum) or petroleum coke for generating heat, 
electricity, or hydrogen have a higher GHG emissions intensity than those that combust natural gas for 
heat and power. Table 4-6 includes data for two upgraders (viz., Northern Lights and Opti/Nexen) that 
gasify petroleum coke to produce a synthesis gas (or syngas) that can be burned for process heat or 
electricity, or used as a supply of hydrogen for hydocracking for sulfur removal. The GHG emissions 
from these upgraders range from 50 to 500 percent higher than the range of emissions from other 
upgraders in the table, not including the integrated operations in the last two rows, which included 
emissions associated with bitumen extraction, processing, and upgrading. Much of this energy and GHG 
emissions offset downstream refining emissions for processing SCO. 
 
Gasification is not currently widely employed in the oil sands. Of the two gasification upgraders in Table 
4-6, only one is currently operating, representing less than three percent of total WCSB oil sands bitumen 
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capacity.12 OPTI/Nexen’s Long Lake Phase 1 integrated oil sands project gasifies asphaltenes (i.e., heavy 
ends from upgrading the bitumen into SCO) from the upgrader to produce steam for SAGD, generate 
electricity, and produce hydrogen for the hydrocracking unit. Initial production of SCO from the upgrader 
began in January 2009 (Nexen 2011; AERI 2006).  
 
The second gasification project, the Northern Lights Upgrader, has been placed on hold since 2007. 
Synenco/SinoCanada had plans to gasify asphaltenes to produce process heat and hydrogen for the 
hydrocracker unit at a planned upgrading facility outside of Edmonton, Alberta. The upgrader would have 
received bitumen via pipeline from Synenco/Total’s Northern Lights Oil Sands Project near Fort 
McMurray, Alberta (Edmonton Journal 2007; Sturgeon County 2011). 
 
Table 4-6: Upgrader GHG emissions per barrel of SCO ((S&T)2 Consultants 2008)13 

 
 
Coking or hydrocracking upgrading technologies have a small effect on WTW GHG emissions estimates, 
and reported emissions vary by each project. Jacobs (2009) estimated that hydrocracking using an 
ebulating bed hydrocracking unit increases WTW GHG emissions by two percent compared to coking for 
gasoline produced from SAGD-extracted SCO. (S&T)2 Consultants (2008, p. 25) provided estimates of 
direct (i.e., on-site) and indirect (i.e., upstream fuel and electricity production) GHG emissions from 
various operating, planned, and on-hold upgraders in Alberta. The data in Table 4-6 show that direct 
emissions from delayed coking range from 40.7 to 92.8 kgCO2e per barrel of SCO, while GHG emissions 
from hydrocracking range from 33.6 to 60.9 kgCO2e per barrel. 
 

4.2.1.4 Cogeneration and Export of Electricity 
Cogeneration facilities generate both steam and electricity simultaneously to achieve higher efficiencies 
than if each were generated separately.  Facilities are sized to meet the steam requirements for oil sand 
extraction, processing, and upgrading requirements. For facilities where steam requirements are greater 

                                                            
12 Production capacity of the first phase of Long Lake is 60,000 barrels of bitumen per day, or three percent of the 
total current WCSB oil sands raw bitumen capacity of 1,923 thousand barrels per day (IEA 2010, p. 152; including 
both mining and in situ operations). As of mid-2010, production was approximately about half of this, or 30,000 
barrels of bitumen per day (Nexen 2011). 
13 Suncor and Syncrude’s integrated operations include GHG emissions from bitumen extraction, processing, and 
upgrading ((S&T)2 Consultants 2008, p. 26). 
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than for electricity, this leaves an excess capacity for electricity generation that can be exported for use 
elsewhere on the electricity grid (IHS CERA 2010, pp. 16-18; Jacobs 2009, p. 12). 
 
The treatment of exported electricity in LCAs is a study design factor that is discussed separately in 
section 4.1.4.  The specific input assumptions related to electricity exports have a substantial impact on 
the WTW GHG emissions of oil sands-derived crudes relative to reference crudes.  
 
Cogeneration assumptions vary across the studies in two ways: whether cogeneration is included, and if 
so, the assumed source of electricity generation that is offset by electricity cogenerated at oil sands 
facilities.  Jacobs (2009, p. 8-17) illustratively14 demonstrated that applying a credit for offsetting grid 
electricity with electricity cogenerated at oil sand facilities could reduce the WTW GHG emissions for oil 
sands crudes to the range of reference crudes.15  
 
IHS CERA (2010, pp. 16-17) estimated that electricity exports could reduce the WTW GHG emissions by 
one to two percent per barrel of refined products from SAGD bitumen. The authors calculated this range 
by evaluating a case where oil sands electricity exports offset coal-fired generation on the grid and a case 
where the offset is equal to the Government of Alberta’s offset credit for renewable power generation. 
 
TIAX (2009, pp. 27-28) included project-specific data on electricity exports from Suncor Energy’s 
MacKay River and Canadian Natural Resources Limited’s (CNRL) Primrose in situ oil sands projects in 
Alberta. Combined, these projects account for roughly eight percent of total bitumen capacity in the 
WCSB oil sands.16 TIAX assumed that electricity exported to the grid offset electricity that would have 
been generated by natural gas combined-cycle turbines. Contrary to Jacobs and IHS CERA, TIAX 
concluded that exporting cogenerated electricity increased WTW emissions per MJ of reformulated 
gasoline by two to six percent for synbit and dilbit from SAGD and CSS (2009, pp. 66, 76). 
 
Finally, in a 2008 update to the GHGenius model, (S&T)2 Consultants removed a cogeneration credit that 
was previously applied to integrated oil sands extraction and upgrading facilities. (S&T)2 removed the 
credit because they were unable to locate evidence that Suncor and Syncrude’s integrated oil sands 
projects were selling power to the local grid (2008, p. 26). It was unclear whether other studies in the 
scope of this evaluation considered electricity exports in their results. 
 

4.2.1.5 Accounting for Upgrading in Refining Emissions Estimates 
A barrel of SCO delivered to a refinery has already been processed at the upgrader, and will produce 
greater quantities of premium fuel products (i.e., gasoline, diesel, and jet fuel), no heavy residuum, and 
less light ends than a barrel of “full-range” reference crudes that have not already undergone upgrading. 
As a result, the energy consumption—and therefore, GHG emissions—from refining SCO into a barrel of 
premium fuel products is lower than that for producing the same amount of premium fuels from virtually 
all other crudes. 
 
Accounting for the reduced GHG emissions from refining SCO relative to other crudes has a modest 
effect on WTW GHG emissions, as refinery emissions are roughly five to fifteen percent of WTW GHG 
emissions (based on Figure 4.3 in IEA 2010 and Table A-8 from IHS CERA 2010). However, the effect is 

                                                            
14 Jacobs (2009) did not comprehensively evaluate cogeneration opportunities at oil sands facilities, but included a 
preliminary, illustrative analysis and recommended further investigation of cogeneration. 
15 Jacobs (2009) evaluated a series of scenarios that varied the level of electricity export and whether natural gas-
fired electricity or 80-percent coal-fired electricity was displaced by the exported electricity for SAGD operations. 
16 Based on 1,923 thousand barrels per day of total raw bitumen capacity in the WCSB oil sands (IEA 2010, p. 152). 
CNRL’s Primrose project has a raw bitumen capacity of 120 thousand barrels per day (IEA 2010, p. 152), while 
MacKay River has a capacity of 33 thousand barrels per day (Oil Sands Developers Group, 2009). 
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more significant on a WTT basis.  Studies that do not account for the reduction in refinery energy use for 
SCO will overestimate the GHG emissions from SCO relative to other crude sources. 
 
TIAX (2009) and Jacobs (2009) used refinery models to estimate the GHG emissions at the refinery.  
TIAX found that refinery energy consumption for SCO was “significantly lower” than for other crude oils 
(p. 34). The Jacobs results, shown in Figure 4-3 below, estimated that the GHG emissions to refine a 
barrel of SCO were on the order of GHG emissions to refine Mexican Maya or Arab Medium crude oil. 
Note, however, that the Jacobs results are given in terms of refining one barrel of input crude, not in terms 
of the GHG emissions from producing an equivalent amount of premium fuel products from different 
crudes and SCO; since SCO produces more premium fuel products per barrel of input than other crudes, 
GHG emissions from refining SCO are even lower when compared on a per-barrel of premium fuel 
products basis. 
 
Figure 4-3: GHG emissions for refining one barrel of different crudes, SCO, dilbit, and bitumen, by fuel 
source (Jacobs 2009, p. 5-41) 

 
Note: Results only include GHG emissions from refining and do not include emissions from upgrading SCO. 
 
Other studies did not account for this effect in their estimates, or it was unclear whether refinery 
emissions were adjusted to account for upstream upgrading. NETL (2009, p. 11) and ICCT (2010, p. 8, 
26) correlated refinery emissions with API gravity, and although NETL noted this limitation, the authors 
did not evaluate the effect that upgrading would have on SCO GHG emissions at the refinery. As stated 
earlier, correlating GHG emissions with API gravity does not account for the intensity of refining SCO or 
dilbit on a “per barrel of premium fuel products basis” because these crudes have a different composition 
of light and heavy ends than other full-range crudes. The IHS CERA meta analysis (2010, Table A-8) 
estimated that refining SCO would emit 11 percent more GHGs than refining West Texas Intermediate 
crude per barrel of refined products; since emissions from refining SCO should be lower than refining 
other full-range crudes, the study may not have accounted for the reduced GHG emissions per barrel of 
premium fuel product when refining SCO compared to a conventional crude. The report prepared for the 
oil sands pathways within the GHGenius model did not provide the assumptions for refining SCO into 
premium fuel products ((S&T)2 Consultants 2008). 
 

4.2.1.6 Dilbit and Accounting for Diluents 
Because the viscosity of raw bitumen is too high to be transported via pipeline, a portion of the bitumen 
produced from in situ extraction in the WCSB oil sands is diluted with light hydrocarbons (typically 
natural gas liquids, or condensates, from natural gas and SCO production). This allows the bitumen to be 
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sent via pipeline to refineries for refining into products such as gasoline, diesel, and jet fuel without the 
need for upgrading into SCO (IEA 2010, NRDC 2010b). 
 
Accounting for the effect of diluting bitumen with condensate has a moderate effect on emissions 
estimates for two reasons. First, producing and refining condensate from natural gas or SCO into 
finished products emits fewer GHG emissions per barrel of crude transported in the pipeline than 
bitumen, so blending the two together results in lower WTW GHG emissions than the same volume 
of raw bitumen. NRDC (2010b, p. 3) estimates that this results in roughly a six percent decrease in the 
WTW GHG emissions of dilbit relative to raw bitumen. However, since the diluents represent 30 percent 
of the transported dilbit, and do not refine into premium fuel products, if the metric used to compare the 
GHG emissions from WCSB oil sands crudes is GHG emissions per barrel of premium fuel product, 
dilbit would have a higher GHG intensity than either SCO or bitumen (not counting bitumen 
transportation). 
 
Table 4-7 compares the WTW emissions from dilbit to bitumen and SCO from various studies. When the 
diluent condensate is refined with the bitumen at the refinery, WTW GHG emissions for dilbit are 
approximately 4 to 7 percent less than for bitumen, based on results from TIAX (2009). Jacobs (2009) 
examined a scenario where the diluent is separated from bitumen at the refinery and recirculated back to 
oil sands facilities in Alberta. In this scenario, WTW GHG emissions were seven percent higher than if 
the diluent is refined with the bitumen.  The estimates where diluent is refined with the raw bitumen at the 
refinery are representative of the proposed Project, since diluent will not be recirculated by the pipeline. 
These studies do not appear to give adequate credit for lower refining GHG emissions of SCO as 
compared to bitumen or dilbit, which each have about 30 percent vacuum residuum, while SCO has the 
vacuum residuum removed in the upgrader. 
 
Table 4-7: Comparison of WTW GHGs per MJ of premium fuel products refined from dilbit, bitumen, and 
SCO 

Study Extraction 
method 

Feedstock WTW GHG 
emissions 

(gCO2e/MJ1) 

Percent 
change2 

Notes 

TIAX (2009) SAGD Bitumen 109 --  
 SCO 111 2% SCO from SAGD assuming coke 

is buried 
 Dilbit, no 

recirculation 
101 to 105 -4 to -7% Low end includes a credit for 

cogeneration of electricity 
CSS Dilbit, no 

recirculation 
105 to 111 -- Low end includes a credit for 

cogeneration of electricity 
Jacobs 
(2009) 

SAGD SCO 116 to 119 -- Low end assumes delayed coking; 
high end assumes hydrocracking 

 Dilbit, no 
recirculation 

113 -3 to -5% Diluent is separated at refinery 
and recirculated to Alberta 

 Dilbit, 
recirculation 

106 -9 to -11% Diluent is processed with bitumen 
at the refinery 

GHGenius,  
(S&T)2 

Consultants  
(2008) 

SAGD Bitumen 114 --  
 SCO 118 4%  
CSS Bitumen 112 --  
 SCO 116 4%  

1 WTW GHG emissions are in terms of grams CO2e per MJ of reformulated gasoline.  
2Percent change in WTW GHG emissions relative to bitumen, except for Jacobs (2009), which is the percent change in WTW 
GHG emissions relative to SCO. 
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Second, diluting raw bitumen with light hydrocarbons creates a “dumbbell” blend that contains a 
high fraction of heavy residuum and light ends, with relatively low fractions of hydrocarbons in the 
middle that can be easily refined into premium fuel products. As a result, producing one barrel of 
premium fuel products (i.e., gasoline, diesel, and jet fuel) requires more dilbit input and produces more 
light ends and petroleum coke than refining one barrel of premium fuel products from other crudes and 
SCO.  This results in additional energy use and GHG emissions from refining the dilbit, and producing, 
distributing, and combusting the light- and heavy-end co-products. 
 
The extent to which this difference in yield of premium fuel products is accounted for in these studies is 
unclear. IHS CERA’s (2010) estimate for crude production of SAGD dilbit does not appear to adjust 
GHG emissions per barrel of refined products output for the difference in yield.17 TIAX (2009) and 
Jacobs (2009) both show higher refinery emissions for dilbit and synbit on a barrel of input crude basis, 
but it is not clear to what extent the effect of “dumbbell” blend yields on refining GHG emissions is 
accounted for in the refinery models used by these studies. 
 

4.2.2 Factors that Affect Reference Crudes 
 
For the reference crudes, key input assumptions include the oil-water and gas-oil ratios that are used to 
estimate reinjection and venting or flaring requirements, and whether—and what type—of artificial lift is 
considered for extracting crude oil. 
 

4.2.2.1 Artificial Lift Assumptions 
The methods of producing oil from wells drilled into an oil reservoir evolve over the reservoir’s lifetime. 
There are generally three phases of production from a reservoir: primary, secondary, and tertiary. Primary 
recovery relies on the initial pressure of the oil reservoir itself to lift the oil through evolution of dissolved 
gas, much like a carbonated beverage foams liquid up the neck of a bottle. Thus primary recovery 
requires no energy input for extraction. Secondary recovery involves pumping or injecting gas or water 
into the reservoir to “sweep” or push out additional oil. In tertiary recovery, steam or CO2 is injected to 
loosen the remaining oil adhering to the reservoir solids by lowering its viscosity and swelling its volume 
to enable it to flow or be pushed out of the reservoir with a water flood. For a given field, GHG emissions 
intensity increases dramatically through this evolution of recovery techniques. Even the best tertiary 
recovery techniques known today leave more than 50 percent of the original oil in the ground whereas 
mining oil sands captures virtually 100 percent of the oil contained in the sand matrix.  
 
The GHG emissions from crude oil production are driven by the methods used to lift the oil out of the 
ground and produce the oil, and there is significant sensitivity to assumptions about artificial lift, oil, gas, 
and water separation, and water and gas reinjection practices. IHS CERA documented a wide range in 
GHG estimates for production of several reference crudes; estimates for Saudi Medium crude ranged 
from 1 to 25 kgCO2e per barrel of refined products (2010, Table A-1). Studies that do not account for lift 
and associated treatment and reinjection energy requirements will underestimate the GHG emissions from 
reference crude production relative to oil sands-derived crudes. 
 
Jacobs (2009) used a crude production model to estimate GHG emissions associated with producing 
different types of reference crudes. A representative breakdown of the major sources of GHG emissions is 
shown in Figure 4-4. Similarly, TIAX (2009, p. 4) considered different lift methods to determine oil 
production energy use and GHG emissions, as shown in Table 4-8. The study used data from different 
sources to quantify emissions for each crude, and relied on NETL (2008) to estimate grid electricity 

                                                            
17 GHG emissions for crude production from SAGD dilbit are roughly 70 percent of emissions from SAGD SCO, 
suggesting that the value is a simple 70/30 ratio of bitumen to dilbit per barrel of refined products. If so, this would 
not reflect the fact that more bitumen is required to produce the same barrel of refined products than SCO. 
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consumption for several of the crudes modeled. These studies do not appear to evaluate the delivery of 
water from the Arabian Gulf to the principal Saudi oil field (Ghawar), nor do they appear to evaluate 
transporting the produced Arab Light crude to the stabilization plant, from the stabilization plant to the 
shipping terminal, or loading the crude onto the oil tankers. Hence these studies appear to underestimate 
the Saudi crude production energy in the initial phase of the life cycle from reservoir to freight on board a 
tanker. 
 
Figure 4-4: Illustrative break-down of major sources of GHG emissions from production of a generic crude 
oil18 (Jacobs 2009, p. 3-17) 

 
Table 4-8: Crude oil recovery methods (TIAX 2009, p. 64) 

 
 
Crude oil production estimates in NETL (2008, Attachment 1) accounted for artificial lift methods. The 
production value of 13.6 kgCO2 per barrel of crude for Saudi Arabia, however, is roughly half that of 
Jacobs (2009, Figure 3-11).19 It is not clear if this difference is a result of different assumptions in 
baseline crudes, or whether the NETL (2008) estimate accurately accounted for shipment and treatment of 
off-site water used for injection into the reservoir, crude stabilization, or transport to the terminal and 
loading onto tankers. 
 

                                                            
18 The crude oil modeled in this scenario is at 30 API in a reservoir at 5,000 feet. The gas-oil ratio is 1000 standard 
cubic feet of gas per barrel of oil, and 10 barrels of water are produced to one barrel of oil (Jacobs 2009, p. 3-17). 
19 Jacobs (2009, Figure 3-11) estimates approximately 4 gCO2/MJ of crude for Saudi Arabian Medium, or 24 
kgCO2/bbl assuming 6.119 GJ/bbl crude oil. 
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4.2.2.2 Sensitivity to Water-Oil and Gas-Oil Ratios 
Water-oil and gas-oil (GOR) ratio describe the fraction of the flow from a well that is oil, water, or gas. 
Several studies use these ratios to develop simplifying relationships between energy use and GHG 
emissions and oil reservoir characteristics. This simplifying assumption is often necessary due to the 
complex nature of oil production systems and reservoir characteristics, however, it also causes the studies 
to become sensitive to variations in these factors, or circumstances where the relationships may not fully 
apply. 
 
For example, ICCT (2010, p. 14) derived the volume of gas flared from GOR, energy use in the field, and 
the quantity of gas exported as well as other data sources from NOAA and the World Bank’s Global Gas 
Flaring Reduction program. This may overstate the amount of flaring depending upon the extent to which 
gas is reinjected to maintain reservoir pressure. It is important to ensure that the disposition of gas is 
accurately reflected in calculated emissions from flaring since not all of the gas produced from the well 
may be flared. To the extent that natural gas (primarily methane) is vented, rather than flared, this can 
have a significant effect on GHG results, as the GWP of methane is more than 20 times higher (estimates 
vary from 21 to 23 depending on which IPCC assessment report is cited) than that of CO2. 
 

4.2.3 Factors that Affect Both Reference and Oil Sands-Derived Crudes 
 
Across both WCSB oil sands and reference crudes, assumptions about how much petroleum coke is 
produced, stored, and combusted at the upgrader or refinery – and how much is sold to other users – is a 
key driver of GHG emissions; transportation assumptions have a more limited effect, but vary across the 
studies. 
 

4.2.3.1 Treatment of petroleum coke 
Petroleum coke is a co-product produced by thermal decomposition of heavy residuum into lighter 
hydrocarbons during bitumen upgrading and crude oil refining (see Figure 2-1). Petroleum coke is 
approximately 95 percent carbon by weight. In contrast with the premium products produced at the 
refinery, coke is an unavoidable, undesirable co-product that has very low demand the U.S. marketplace 
and is therefore shipped to overseas markets, primarily China. Roughly five to ten percent of a barrel of 
crude ends up as coke, by volume. Heavier crudes will produce a larger fraction of coke than lighter fuels. 
Venezuela Bachaquero, Mexican Maya, and dilbit produce about 50 percent more coke than average U.S. 
2005 crude or Saudi light crude, while SCO has had all the coke removed in the upgrader before it 
reaches the refinery. (TIAX 2009, Appendix D, p. 17) 
 
The treatment of coke is a primary driver behind the results of WTW GHG assessments of oil sand-
derived crudes relative to reference crudes. For example, TIAX found that coke combustion could 
increase WTW emissions by 14 percent (2009, p. 66, 76), and Pembina (2006, p. 11) estimated that 
gasification of coke at the upgrader could account for a 50 percent increase in GHG emissions from 
extraction and upgrading bitumen.  IHS CERA (2010) found that if petroleum coke combustion is 
included, TTW combustion emissions of refined crude increase about 13 percent (from 384 to 432 
kgCO2e/barrel). As shown in Table 4-6 above, data from planned and operational upgraders in Alberta 
show that gasification of petroleum coke and other heavy ends substantially increases GHG emissions.  
These examples demonstrate the significance of coke assumptions in WTW emission estimates. 
 
The main concern in modeling GHG emissions from petroleum coke is ensuring that coke produced at the 
upgrader is treated consistently with coke produced at the refinery.20  Table 4-9 summarizes the 

                                                            
20 The allocation rules that studies apply to petroleum coke are a study design factor that is addressed in section 
4.1.4. In addition to allocation rules, however, the assumptions about how coke is managed by upgraders and 
refineries are  important factors governing the results of WTW GHG emissions assessments. 
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assumptions applied by several studies within the scope of this assessment to petroleum coke generated at 
both upgrading (from bitumen into SCO) and in refineries (from refining crude oil and bitumen into 
refined products). The NETL (2008), IHS CERA (2010), and GHGenius ((S&T)2 Consultants 2008) 
studies do not specifically state how petroleum coke is treated at upgraders and refineries, respectively, 
making it difficult to determine what assumptions about petroleum coke combustion were applied.  
 
Table 4-9: Assumptions regarding petroleum coke produced at upgraders and refineries in different LCA 
studies 
Study Petroleum coke from upgrading bitumen 

at the upgrading facility 
Petroleum coke from reference crudes or 
bitumen at the refinery 

NETL 2008 Not stated GHG emissions from producing coke are 
allocated to the coke product itself. 
Combustion of marketable coke leaving the 
refinery is not included. Refinery emissions 
do include petroleum coke burned as catalyst 
in the refinery. 

Jacobs 2009, pp. 
10, 16, 8-3 

Coke is stored, not used as fuel. Report 
recommended further study into upgrading 
technologies that use coke for energy supply. 

GHG emissions from producing coke are 
allocated to the other premium fuel products. 
Coke is sold as a substitute for coal in 
electricity generation. 

TIAX 2009, pp. 
48, G-6 

Does not include combustion emissions from 
coke. Only considers how to allocate 
upstream emissions associated with 
producing the coke.  
Evaluates three scenarios: use (SAGD-only), 
bury, and sell coke. If sold, TIAX allocates 
GHG emissions to the production of coke; no 
credit is included for offsetting coal 
combustion. 

GHG emissions from producing coke are 
allocated to the other premium fuel products. 
Coke combustion is not included.  

IHS CERA 2010, 
p. 36 

Unclear to what extent emissions from use of 
coke are included. 

Excludes coke from combustion emissions. 

IEA 2010 Not stated Not stated 
McCann 2001, 
pp. 4, 5 

Not clearly stated. Appears that coke is 
combusted at the upgrader in at least one of 
the data sources used. 

Coke was assumed to offset natural gas at the 
refinery. 

RAND 2008 Not stated Not stated 
Pembina 2006 Gasification of coke was included in high-

emission scenarios for hydrogen production 
for upgrading 

Not stated 

GHGenius - 
(S&T)2 2008, 
Table 6.6, p. 25 

Coke is used at the upgrader, contributing to 
15% of energy requirement or 1,100 MJ per 
metric ton of upgrading SCO. 
Remaining coke and LPG not consumed at 
upgrader is assumed to offset emissions from 
coal combustion at electric generating units. 

Not stated  

 
Based on Table 4-9, the basis of the studies is that petroleum coke produced by upgrading bitumen into 
SCO is either: (i) consumed (for process heat, electricity, or hydrogen production); (ii) stored; or (iii) sold 
as a fuel for combustion. In contrast, the studies assume that petroleum coke produced at refineries that is 
not consumed by the refineries themselves (it is the rare case in the United States that petroleum coke is 
consumed by a refinery) is either (i) used to back out   coal combustion for electricity generation or (ii) 
that the emissions associated with producing and combusting the coal are allocated outside of the 
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assumed life-cycle system boundary.  Excess petroleum coke produced from PADD III refineries is 
typically shipped to Asia where it is combusted for electricity generation. 
 
None of the studies included in the scope of this assessment provide information on industry-averaged 
petroleum coke management practices at oil sands operations. Jacobs (2009, p. 4-10) assumed that all 
coke is stockpiled, noting that “the practice of storing coke is typical” and that “the transport costs of 
marketing the material from Alberta exceed its value”.  In contrast, TIAX examines three scenarios where 
petroleum coke at upgraders is either used as a fuel, sold as a product, or buried. In comments to TIAX’s 
report, Suncor Energy noted that 34 percent of the coke generated by upgrading bitumen is consumed in 
the production of SCO and that the rest is sold or stockpiled (TIAX 2009, p. G-3). As noted in section 
4.2.1.3 above, OPTI/Nexen’s Long Lake Phase 1 integrated oil sands project currently gasifies 
asphaltenes from the upgrader for process heat, electricity, and hydrogen.  
 

4.2.3.2 Transportation emissions 
Transportation GHG emissions arise from the transport of bitumen, SCO, and crude to U.S. refineries, the 
distribution of refined premium fuel products (e.g., gasoline, diesel, and jet fuel) to end use in the United 
States, and from the transport of light- and heavy-end co-products such as LPG and petroleum coke to 
markets for these fuels. 
 
Transportation emissions have a small to moderate effect on WTW GHG emissions. IHS CERA (2010, p. 
34) found that transportation emissions make up less than one percent of total WTW emissions. The study 
also documented considerable variation in transportation estimates, ranging from 1 to 14 kgCO2e/bbl for 
transportation of crude from Mexico. 
 
Although the contribution of transportation GHG emissions to WTW GHG emission is minor, 
transportation emission calculations should account for the distance and modes of transportation—
including domestic transportation from the oil field to an export terminal in the case of international 
crudes—and include transportation emissions for all of the products produced from bitumen, crude, or 
SCO for a given amount of premium fuel products produced from the refinery. The variation in 
transportation estimates across different studies may result from different approaches to modeling 
transportation emissions, or an incomplete consideration of the full supply chain from field to refinery. 
 

4.3 Data Quality and Transparency 
 
As discussed in the previous sections, study design factors and assumptions drive the WTW GHG 
comparisons between oil sand-derived crudes relative to reference crudes.  However, the results 
ultimately hinge on a third key factor: data quality.  The quality of the data in the LCAs relates to a 
number of elements including precision, completeness, representativeness (i.e., time-related, 
geographical, and technology coverage), consistency, reproducibility, data sources, uncertainty, and 
documentation of missing data (ISO 14044:2006). The ability to assess data quality is contingent on the 
level of transparency provided by the study authors.   
 
The quality of the data and transparency in the presentation of the data elements, assumptions, and data 
gaps varies considerably by study.  Representativeness was a key area of concern in some of the studies in 
that they lacked data on actual facility operations.  NRDC (2010) notes that studies used pre-project start 
up data (e.g., from applications for facilities that are not yet built or operating).  According to Pembina 
(2011), both Jacobs (2009) and TIAX (2009) did not incorporate data from the two largest mining 
projects.  TIAX uses data from six oil sands projects that represent 34 percent of the 2009 total oil sands 
production capacity in Alberta; two of these projects were not yet producing at the time of the report.  
Additionally, some studies base individual life-stage emissions on few parameters (e.g., API gravity for 
refining) (NETL 2008, 2009; ICCT 2010).   
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Most studies do not provide complete transparency in their methodologies, assumptions, or data sources.  
This is partially a function of the difficulty in accessing necessary data elements on or from non-
transparent international crude production operations.  Data on oil sands fields are typically less robust 
(and include a smaller data set) than those for reference crudes.  This impedes the ability to make 
meaningful comparisons of the results for oil sands-derived crudes and reference crudes.  ICCT (2010) 
acknowledges the lack of data/transparency for oil sands and in general notes “Where data were missing, 
Energy-Redefined LLC made estimates based on expert judgment and calculations and calibrated them 
with known data and available studies for verification," (p. 12).  Some studies used proprietary models 
(e.g., a crude production model in Jacobs [2009] and an oil field model in ICCT [2010]), which keep 
various assumptions and calculations hidden.  
 
Few studies considered uncertainty, and none of them rigorously treat underlying uncertainties in data 
inputs and models.  Pembina (2006) selected point estimates for GHG emissions from different industry 
sources to present life-cycle stages together—an approach that could risk inconsistent characterization of 
the processes within the study. Other studies (e.g., IHS CERA 2010) calculated averages from a wide 
range of values and developed point estimates without providing bounds on uncertainty.  Such bounds are 
important because a high bound on a reference crude can overlap with a low bound on an oil sands crude.   
 

4.4 Analysis of Key Factors and their Impact on WTW GHG Emissions Results 
 
This section analyses the effect that the various key factors described in sections 4.1 and 4.2 have on the 
life-cycle GHG emissions of WCSB oil sands crudes compared to reference crudes. To analyze the 
effects, the key factors and life-cycle results from NETL (2008; 2009) are compared against the other 
studies. Comparing the factors and results of one study against all other studies identifies the key factors 
that differ the most, and the magnitude of the impact that they have on life-cycle GHG emissions. 
 
The NETL studies were selected as a basis for comparison against the other studies for several reasons. 
First, they cover a range of the world crude oils consumed in the United States, including the WCSB oil 
sands as well as the “average crude” consumed in the United States in 2005. Second, these emission 
factors were used as the basis for the GHG results in the DOE/EnSys (2010) study. Finally, the NETL 
factors have informed other fuel-related policy issues, as they have been used for the baseline in the EPA 
Renewable Fuel Standard (RFS2). 
 

4.4.1 Analysis of Study Design Factors 
 
Table 4-10 summarizes key design factors across the studies identified through this assessment. The first 
row of Table 4-10 qualitatively assesses the impact of including each factor in a WTW analysis into an 
approximate high/medium/low arrangement based on results from across the studies evaluated.  The high 
impact factors were those found to result in greater than about 3 percent change in WTW emissions 
across the studies; medium impact indicates an approximate 1 to 3 percent change in WTW emissions, 
and low impact indicates less than about 1 percent change in WTW emissions. The assignment to high, 
medium, or low categories is based on ICF analysis and judgment. 
 
In general, the studies reviewed are consistent with one another in how they treat some factors. For 
example, the studies’ life-cycle boundaries generally exclude emissions associated with land use changes 
and capital equipment. As discussed at length in sections 4.1 and 4.2, the studies vary widely, however, in 
their treatment of other factors, such as their treatment of petroleum coke and exports of cogenerated 
electricity.   
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The first two categories in Table 4-10 (i.e., petroleum coke combustion and cogeneration credit) relate to 
how the studies treat allocation and co-product design factors. The remaining categories compare the 
completeness of the LCA boundaries of the studies. The “data reference years” column indicates the time 
period over which the results of each study are representative. 
 
With respect to the first two categories dealing with allocation and co-product design factors: 

 The “petroleum coke combustion” column indicates whether GHG emissions for premium fuel 
refined products include the emissions from producing and combusting petroleum coke. 
Treatment of petroleum coke can have a large impact on WTW GHG emissions. For example, 
IHS CERA (2010) estimated that the inclusion of petroleum coke combustion would increase the 
combustion emissions from a barrel of refined fuel products by 48 kgCO2e, or roughly an eight to 
10 percent increase in WTW GHG emissions, depending upon the crude type. NETL allocated 
the emissions from the production and combustion of co-product petroleum coke outside of the 
LCA system boundary (NETL 2008). Across the other studies, there is a wide variation of 
approaches to account for petroleum coke (see section 4.2.3.1 for details).  

 The cogeneration credit column shows whether the studies include an electricity cogeneration 
GHG credit for excess capacity of electricity generation that can be exported for use elsewhere on 
the electricity grid. As described in 4.2.1.4, applying a GHG credit for avoided grid-based 
electricity reduces the WTW GHG emissions for oil sands crudes relative to the range of 
reference crudes. It is unclear whether NETL assigned electricity cogeneration GHG credit in its 
study. Jacobs (2009) indicated that including an electricity cogeneration GHG credit for displaced 
grid-based electricity has the potential to reduce the WTW GHG emissions for oil sands crudes to 
within the range of reference crudes (Jacobs 2009, p. 1-13).  This translates into roughly a 5-10 
percent reduction in WTW GHG emissions assuming displacement of the local Alberta electricity 
grid mix, which is mostly coal-based electricity (Jacobs 2009).  

 
The remaining categories indicate whether several secondary carbon flows are included within the LCA 
boundaries of the studies (see Figure 2-1for reference): 

 NETL and most other studies include the GHG emissions associated with upstream production of 
purchased fuels and electricity that is imported to provide process heat and to power machinery 
throughout crude production. The upstream GHG emissions for natural gas fuel and electricity 
production used in the production of oil sands are significant. Jacobs 2009 includes GHG 
emissions associated with the natural gas and electricity upstream fuel cycle which accounts for 
roughly 4-5 percent of the total WTW GHG emissions for average WCSB oil sands. IHS CERA 
(2010) indicates that although their study excludes upstream fuel and electricity GHG emissions, 
the inclusion of the upstream GHG emissions would add 3 percent to WTW emissions on a per 
barrel of refined products basis.  

 Emissions associated with flaring and venting are a high impact source of GHG emissions that 
are included in the NETL study. The TIAX 2009 study indicates that including venting and 
flaring emissions associated with oil sands production (particularly for mining extraction 
techniques) contributes up to 4 percent of total WTW GHG emissions. Flaring and venting 
emissions are included in several other studies; however a few studies reviewed did not explicitly 
state whether they were included. 

 Only a few studies modeled the effect that upgrading SCO has on downstream GHG emissions at 
the refinery. Both Jacobs 2009 and TIAX 2009 include this effect and determine that the GHG 
impact of upgrading bitumen into SCO will reduce the emissions at the refinery. Compared to 
refining bitumen directly, refining SCO (which already has been upgraded) would reduce WTW 
GHG emissions by between 1 and 2 percent. 21  

                                                            
21 Due to the complexity of refining processes, it is difficult to estimate the magnitude of this effect. Comparing 
refining emissions from TIAX (2009) and Jacobs (2009)—which accounted for the fact that upgraded SCO will 
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 None of the studies included the GHG impacts associated with capital equipment and 
construction of facilities, machinery, and infrastructure needed to produce oil sands. According to 
Bergerson and Keith (2006), the relative percentage increase to WTW GHG emissions from 
incorporating capital equipment is between 9 and 11 percent. Charpentier et al. (2009) discusses 
the need to more fully investigate and include these potentially significant supply chain 
infrastructure GHG emissions in future oil sands life-cycle studies (p 10).  

 During oil sands production, local and indirect land use change emissions associated with 
changes in biological carbon stocks from the removal of vegetation, trees, and soil during oil 
sands mining operations may be significant. None of the life-cycle studies reviewed, however, 
included land use change GHG emissions in the WTW life-cycle assessment. Studies describing 
the potential GHG emissions impacts of including land use change emissions estimate potential 
increases in WTW GHG emissions for oil sands range from less than 1 to 2 percent (Yeh 2010). 
To the extent that land is reclaimed after oil sands operations are completed, this lost carbon 
would be returned over a long time period. 

 Methane emissions from fugitive leaks, oil sands mining operations, and tailings ponds are not 
included across all studies. TIAX (2009), Pembina (2006), and GHGenius include the impacts of 
both sources. Fugitive emissions from leaks throughout the oil sands production process can 
potentially contribute up to 1 percent of WTW GHG emissions according to emissions estimates 
from Environment Canada’s National Inventory Report (EC 2010). Emissions from oil sands 
mining and tailings ponds potentially have a larger impact on WTW GHG emissions, contributing 
0 to 9 percent of total WTW GHG emissions (Yeh 2010). IHS CERA excludes emissions from 
methane released from tailings ponds but recognizes there is considerable uncertainty and 
variance in quantifying these emissions (2010, p. 15).  

 Methane emissions from the mine face of oil sands mining operations are in the low-impact 
category. Only the Pembina (2006), RAND (2008), and GHGenius sources recognize and include 
this emissions source, although many studies did not explicitly state whether these emissions 
were included or not considered. Methane emissions from the mine face are estimated to 
contribute less than 1 percent of total WTW GHG emissions (Pembina 2006, p. 11). 

                                                                                                                                                                                                
require less energy to refine into premium products—to refining emissions from GHGenius and NETL—which did 
not account for this affect—showed a one to two percent reduction in WTW GHG emissions, on average across the 
studies. Comparing individual studies, the minimum change was 0.4 percent and the maximum was 4.1 percent. 
These changes may not be entirely attributable to accounting for upgraded SCO at the refinery, but they represent a 
rough, upper-bound estimate. Refining values for TIAX, Jacobs, GHGenius, and GREET were taken from Brandt 
(2011, Table 8, p. 45). 
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Table 4-10: Summary of key study design features that influence GHG results 
Estimated Relative WTW Impact:1  High Medium Low 
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NETL, 2008 2005 No NS Yes Yes No No No NS Yes NS 
NETL, 2009 2005 No NS Yes Yes No No No NS NS NS 

IEA, 2010 2005-2009 NS NS Yes NS NS NA No Yes NS NS 
IHS CERA, 2010 ~2005-2030 V V No NS NS NA No V NS V 
NRDC, 2010 2006-2010 NS7

 NS7 P NS NS NA No NS NS NS 
ICCT, 2010 2009 NS No P Yes No No No NS Yes NS 
Jacobs, 2009 2000s Yes Yes Yes Yes No Yes No No Yes No 
TIAX, 2009 2007-2009 P P Yes Yes No Yes No Yes Yes Yes 
Charpentier, et al., 
2009 

1999-2008 NS7 NS7 V NS V NA No NS NS NS 

RAND, 2008 2000s NS NS NS Yes No No No Yes Yes Yes 
Pembina Institute, 2005 2000, 2004 NS NS NS P No No No NS P NS 
Pembina Institute, 2006 2002-2005 NS NS No P No No No Yes Yes Yes 
McCann, 2001 2007 P NS Yes NS No NS No NS NS NS 
GHGenius, 2010 Current Yes No Yes Yes No NS Local Yes Yes Yes 
GREET, 2010 Current NS NS Yes Yes No NS No NS Yes NS 

Notes: Yes = included in life-cycle boundary; No = not included; P = partially included; NS = not stated; NA = not applicable; V = varies by study addressed in meta-study. 
1 High impact = greater than about 3 percent change in WTW emissions. Medium impact = approximately 1 – 3 percent change in WTW emissions. Low impact = less than about 
1 percent change in WTW emissions. 
2“Yes” indicates that GHG results for products such as gasoline, diesel, and jet fuel do include petroleum coke production and combustion. “No” indicates that GHG emissions 
from petroleum coke production and combustion were not included in the system boundary for gasoline, diesel, or jet fuel. The effect of including petroleum coke depends on how 
much is assumed to be stored at oil sands facilities versus sold or combusted, and whether a credit is included for coke that offsets coal combustion. 
3 “Yes” indicates that the study applied a credit for electricity exported from cogeneration facilities at oil sands operations that offsets electricity produced by other power 
generation facilities. “No” indicates a credit was not applied. Including a credit for oil sands will reduce the GHG emissions from oil sands crudes relative to reference crudes. 
4 Indicates whether studies included GHG emissions from the production of fuels that are purchased and combusted on-site for process heat and electricity (e.g., natural gas). 
5 Indicates whether refinery emissions account for the fuel properties of SCO relative to reference crudes. Since SCO is upgraded before refining, it requires less energy and GHG 
emissions to refine into gasoline, diesel, and jet fuel products. 
6 Indicates whether the study included GHG emissions from the construction and decommissioning of capital equipment such as buildings, equipment, pipelines, rolling stock. 
7 Not discussed in the meta-study; may vary by individual studies analyzed. 
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4.4.2 Analysis of Input and Modeling Assumptions 
 
This section assesses several key input assumptions that influence the life-cycle GHG results provided by 
NETL (2008; 2009). Figure 4-5 summarizes GHG emissions for each of the reference crudes and average 
WCSB oil sands crude across the different life-cycle stages as quantified in the NETL studies.  
 
NETL provides a single WCSB oil sands (i.e., “Canadian Oil Sands”) estimate that represents a weighted 
average of 43 percent crude bitumen from in situ production and 57 percent SCO from mining (NETL 
2009). Note that in the NETL studies the “upgrading” stage for WCSB oil sands is included in the “crude 
oil production” stage. The GHG emissions from the crude oil production stage for WCSB oil sands are 
more than double the GHG emissions as compared to the range of crude oil production for the reference 
crudes.  
 
Figure 4-5 also shows that the transport stages (both the crude oil transport upstream and the finished fuel 
transport downstream) collectively account for a small minority (2-4 percent) of the total WTW GHG 
emissions across all reference crudes and WCSB oil sands. Finally, the fuel combustion stage (i.e., TTW) 
component of the WTW fuel life-cycle GHG emissions for all reference crudes and oil sands are identical 
and account for the majority (70 to 80 percent) of the total WTW GHG emissions.  
 
Figure 4-5: WTW GHG emissions across the fuel life-cycle for WCSB oil sands average crude (i.e., Canadian 
oil sands) and reference crudes (all values from NETL 2009) 

 
Note: GHG emissions are presented in g CO2e per MJ of gasoline on a lower heating value (LHV) basis. 
* Includes upgrading for WCSB oil sands 
 
Table 4-11 summarizes the life-cycle GHG emissions for gasoline produced from oil sands-derived crude 
relative to other reference crudes consumed in the United States (NETL 2009). The results from the 
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NETL study are subject to several input assumptions that influence the results of the analysis. These 
assumptions, and their estimated scale of impact on the WTW results, are summarized in the last two 
columns of Table 4-11.  
 
First, NETL (2009) developed its weighted-average GHG emission estimate for oil sands extraction 
(including upgrading) from data on mining and CCS in situ operations in 2005 and 2006. The 
estimate that the NETL study used for mining oil sands was based on a 2005 industry report that 
estimates higher values than more recent estimates of surface mining GHG emissions (TIAX 2009, 
Jacobs 2009). The in situ GHG estimate is based on a CSS operation which—while CSS operations tend 
to be more GHG intensive than SAGD processes—is generally in the range of in situ estimates in other 
studies (e.g., TIAX 2009, Jacobs 2009). The NETL study, however, did not account for the fact that 
natural gas condensate is blended with crude bitumen to form dilbit, which is transported via pipeline to 
the United States. Since condensate has a lower GHG intensity than crude bitumen, per-barrel GHG 
emissions from dilbit are less than per-barrel emissions from crude bitumen. 
 
Second, NETL allocated refinery emissions from co-products other than gasoline, diesel, and jet 
fuel to the co-products themselves, including petroleum coke (NETL 2009, p. 72), and only 
considered combustion emissions from gasoline, diesel, and kerosene-type jet fuel.  This approach 
removes the GHG emissions associated with producing and combusting co-products from the study’s life-
cycle boundary. This was consistent with NETL’s goal of estimating the contribution of crude oil sources 
to the 2005 baseline GHG emissions profile for three transportation fuels (gasoline, diesel, and kerosene-
type jet fuel).  
 
As discussed in section 4.2.3.1, including the GHG emissions from the production and combustion of 
petroleum coke significantly increases WTW GHG emissions for crudes where the petroleum coke is 
combusted. If petroleum coke produced from refineries is assumed to offset coal combustion, however, 
the net emissions from coke combustion will be much smaller.  As a result, the effect of including 
petroleum coke combustion depends upon study assumptions about the end use of petroleum coke at both 
the refinery and upgrader, and whether petroleum coke use offsets other fuels, such as coal. 
 
Third, the NETL study used linear relationships to relate GHG emissions from refining operations 
to specific crudes based on API gravity and sulfur content. The study notes that these relationships do 
not account for the fact that bitumen blends and SCO in particular will produce different fractions of 
residuum and light ends than “full-range” crudes. Accounting for this effect in the refinery will change 
the differences between WTW GHG emissions from WCSB oil sands-derived premium fuels.  
 
Fourth, as noted in the table below and described in the “Analysis of Key Design Factors” section 
above, the NETL study did not fully evaluate the impact of pre-refining SCO at the upgrader prior 
to the refining stage and is potentially overstating the emissions associated with refining oil sands. 
Upgraded bitumen in the form of SCO would require less refining and GHG emissions would decrease by 
roughly 1 to 2 percent.  
 
Finally, since the transport stages of the fuel life cycle (both upstream crude oil transport and 
downstream finished fuel transport) account for minor portions (1-3 percent and 1 percent, 
respectively) of the overall WTW GHG emissions across the reference crudes and oil sands, the 
impact of transportation distance assumptions on total WTW GHG emissions are small. For 
example, in the finished fuel transport stage, emissions associated with crude co-product distribution are 
excluded and would increase transport GHG emissions by approximately 0.2 to 0.3 percent if included.22 

                                                            
22 All crude oils with exception of SCO have a vacuum resid content, which is processed in the Gulf Coast refineries 
to G+D (gasoline plus diesel) and petroleum coke. Nearly all U.S. petroleum coke manufactured in southeast Texas 
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Note also in the NETL comparisons in Figure 4-5 that Mexican Maya and Venezuelan crude transport are 
shown to be equal, at about half the value of Saudi Arabia crudes.  However, the transport distance of 
Mexican crude to Southeast Texas is less than half that of Venezuelan crude, and 7 percent of the distance 
of Saudi crudes. This differential would be compounded on a GHG emissions per barrel of premium fuel 
product basis as Mexican and Venezuelan heavy crudes produce less premium fuel per barrel transported 
than Saudi crudes. 

 
Table 4-11: GHG emissions for producing gasoline from different crude sources from NETL 2009 and 
estimates of the impact of key assumptions on the differential between oil sands and U.S. average crude 

Life-Cycle 
Stage 

GHG Emissions (g CO2e/MJ LHV gasoline)a Findings on Key Assumptions 
Influencing Results 

2005 U.S. 
Average 

Canadian 
Oil Sands 

Venezuela Mexico Saudi 
Arabia 

Description Estimated 
Ref Crude 

WTW 
Impactb 

Crude Oil 
Extraction 

6.9 20.4c 4.5 7.0 2.5 
Oil sands estimate assumes 
a weighted average of 43% 
crude bitumen not 
accounting for blending 
with diluent to form dilbit) 
from CSS in situ production 
and 57% SCO from mining, 
based on data from 2005 
and 2006 

NA 
Upgrading NA IE NA NA NA 

Crude Oil 
Transport 

1.4 0.9 1.2 1.1 2.8 
Relative distances vary by 
study 

Low 
increase or 
decrease 

Refining 9.3 11.5d 11.0 12.9 10.4 

Did not evaluate impact of 
upgrading SCO prior to 
refinery; only affects oil 
sands crudes. 

Medium 
decrease 

Finished Fuel 
Transport 

1.0 0.9 0.9 0.9 0.9 
Transportation excluded co-
product distribution 

Low 
increase 

Total WTT 18.6 33.7 17.6 22.0 16.7   

Fuel 
Combustion 

72.6 72.6 72.6 72.6 72.6 
Fuel combustion excluded 
combustion of petroleum 
coke and other co-products 

Low to 
high 

increasee  
Total WTW 91.2 106.3 90.2 94.6 89.3   
Difference from 
2005 U.S. 
Average 

0% 17% -1% 4% -2%   

Notes: IE = Included Elsewhere; NA = Not Applicable. LHV = Lower Heating Value. WTT = Well-to-Tank; WTW 
= Well-to-Wheels. 
aNETL 2009 values converted from kgCO2e/MMBtu using conversion factors of 1,055 MJ/MMBtu and 1000 g/kg. 
bEstimated impact on the WTW GHG emissions for reference crudes, except where noted (i.e., refining assumption 
affects oil sands crudes), as result of addressing the key assumptions/ missing emission sources. High = greater than 
approximately 3 percent change, Medium = approximately 1 – 3 percent change, and Low = less than approximately 
1 percent change in WTW emissions. 
c Included within extraction and processing emissions. 
d Calculated by subtracting other process numbers from WTT total; report missing this data point. 

                                                                                                                                                                                                
is exported to China, India and other foreign locations. ICF evaluated the effect of including transport of petroleum 
coke to Asia, assuming that the voyage is roughly equivalent to ocean transport of crude oil from Saudi Arabia to the 
Gulf of Mexico, and adjusting transport GHG emissions by the fraction of crude that is converted to petroleum coke. 



Appendix, July 14, 2011 34 
 

e The effect that including petroleum coke combustion has on WTW results depends upon assumptions about the 
end-use of petroleum coke and whether it is used to offset coal in electricity generation. 
 

4.4.3 Summary Comparison of Life-cycle GHG Emission Results 
 
Figure 4-6 and Figure 4-7 compare, respectively, the WTW and WTT GHG emissions of gasoline 
produced from WCSB oil sands crudes relative to four reference crudes based on data from the studies 
included in this assessment. These figures were developed from an extensive review of the design and 
input assumptions of the life-cycle studies in the scope of this assessment.  
 
The results are plotted as the percentage change in WTW and WTT GHG emissions from gasoline 
derived from WCSB oil sands relative to gasoline from the four reference crudes. The large diamonds 
indicate the NETL results for gasoline produced from the average mix of WCSB oil sands imported to the 
United States in 2005. The other symbols illustrate the range of GHG emissions estimates across the 
studies for different oil sands production methods and scenarios.  
 
Apart from the NETL results in Figure 4-6 and Figure 4-7 (which are indicated by large diamonds), each 
symbol corresponds to a specific method of producing WCSB oil sands crude (e.g., producing SCO from 
mining, dilbit from SAGD). For SCO and synbit, the symbols also indicate the treatment of petroleum 
coke produced at the upgrader. For example, the studies assumed that petroleum coke is either: (i) used 
(i.e., combusted or gasified) for process energy or hydrogen, (ii) stockpiled or buried, or (iii) sold as a co-
product.  
 
Symbols that repeat in the comparison to each reference crude indicate that there are varying differentials 
even for the same scenario based on different studies (e.g., “SAGD, SCO (bury coke)”). The percentage 
differences across the oil sands are a result of: (i) differences in technologies and practices utilized to 
produce the oil sands-derived gasoline including in situ SAGD, in situ CSS, or mining; (ii) differences in 
the pathway for refining the extracted bitumen (i.e., whether the bitumen was upgraded to SCO, refined as 
dilbit, refined as synbit, or refined as bitumen directly); and (iii) differences in individual life-cycle 
studies’ design factors and input assumptions. These three factors drive a wide range in results for the 
overall WTW and WTT comparisons shown in Figure 4-6 and Figure 4-7.  
 
Figure 4-6 and Figure 4-7 show that WCSB oil sands-derived gasoline WTW and WTT GHG emissions 
differentials are larger than gasoline produced from the four reference crudes. Two data points—SCO 
from mining where the coke is buried, and dilbit from SAGD—estimate that life-cycle GHG emissions 
from WCSB oil sands are lower than the Venezuelan Bachaquero reference crude assumed in the studies 
from which the data were drawn.  
 
More specifically, as shown in Figure 4-6, the NETL results show that the WTW GHG emissions from 
gasoline produced from WCSB oil sands crude are as much as 17 percent higher than that gasoline from 
the average mix of crudes consumed in the United States in 2005. Gasoline from certain WCSB oil sands 
crude production schemes emits a maximum of 19, 13, and 16 percent more life-cycle GHG emissions 
than Middle East Sour, Mexican Heavy (i.e., Mexican Maya), and Venezuelan Bachaquero crudes, 
respectively.  
 
Figure 4-6 also illustrates that on a WTW basis, gasoline produced from SCO via in situ methods of oil 
sands extraction (i.e., SAGD and CSS) in general has higher life-cycle GHG emissions than mining 
extraction methods. This difference is primarily attributable to the energy requirements of producing 
steam as part of the in situ extraction process.  
Gasoline produced from dilbit generally has lower GHG emissions per barrel of crude delivered to the 
refinery than mining and in situ methods. This is a result of blending raw bitumen with a diluent 
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condensate for transport via pipeline. This analysis evaluates the refining of both bitumen and diluent at 
the refinery, since diluent will not be recirculated by the proposed Project.  GHG emissions per barrel of 
crude from synbit are similar to mining and in situ SCO. 
 
In Figure 4-7, the same trends are illustrated from the WTT perspective. The percentage increase in WTT 
GHG emissions shown in Figure 4-7 as compared to gasoline produced from reference crudes is much 
larger than the percentages found in the WTW perspective used in Figure 4-6. This is because the 
majority of WTW emissions occurs during the combustion stage (i.e., between 70 to 80 percent) and is 
generally identical irrespective of the feedstock (i.e., reference crude or oil sands) as shown in Figure 4-5 
above. Therefore, the WTT perspective dramatically increases the GHG emissions differential between 
different crudes because the percentage differences are calculated using the same numerator as in the 
WTW calculations, but with a much smaller denominator. 
 
The GHG emissions across different oil sands extraction, processing, and transportation methods vary by 
roughly 25 percent on a WTW basis. Life-cycle GHG emissions of fuels produced from oil sands crudes 
are higher than fuels produced from lighter crude oils, such as Middle East Sour crudes and the 2005 U.S. 
average mix. Compared to heavier crudes from Mexico and Venezuela crudes, WTW emissions from oil 
sands crudes range from a maximum 37 percent increase for SAGD SCO involving burning the coke at 
the upgrader to a 2 percent decrease for mining SCO and burying or selling the coke.  
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Figure 4-6: Comparison of the percent differential for WTW GHGs from gasoline produced from WCSB oil 
sands relative to reference crudes 

Sources: Data from NETL 2009, Jacobs 2009, TIAX 2009.  
Notes: The percent differentials are calculated using the oil sands results relative to the corresponding study’s 
reference crude. Only NETL (2008, 2009) provided a value for the 2005 U.S. average reference crude. 
In this chart, all emissions are given per MJ of reformulated gasoline with the exception of NETL 2009, which is 
given per MJ of conventional gasoline.   
 “Venezuela Conventional” is used as the NETL reference crude for Venezuela Bachaquero in this analysis; this is a 
medium crude, not a heavy crude; thus, the NETL values are compared against a lighter Venezuelan reference crude 
than other studies. 
*Dilbit fuels do not include emissions associated with recirculating diluents back to Alberta. TIAX (2009) did not 
consider recirculation of diluent back to Alberta. Jacobs (2009) evaluated a scenario where diluent is recirculated to 
Alberta, which increased WTW emissions by 7 gCO2/MJ (LHV), or 7 percent, for reformulated gasoline relative to 
the case where diluent is not recirculated. This scenario has not been included in this figure because diluent will not 
be recirculated by the proposed Project. 
SCO = synthetic crude oil 
SAGD = steam-assisted gravity drainage 
CSS = cyclic steam stimulation 
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Figure 4-7: Comparison of the percent differential for WTT GHGs from gasoline produced from WCSB oil 
sands relative to reference crudes 

Sources: Data from NETL 2009, Jacobs 2009, TIAX 2009. 
Notes: The percent differentials are calculated using the oil sands results relative to the corresponding study’s 
reference crude. Only NETL (2008, 2009) provided a value for the 2005 U.S. average reference crude. 
In this chart, all emissions are given per MJ of reformulated gasoline with the exception of NETL 2009, which is 
given per MJ of conventional gasoline.   
 “Venezuela Conventional” is used as the NETL reference crude for Venezuela Bachaquero in this analysis; this is a 
medium crude, not a heavy crude; thus, the NETL values are compared against a lighter Venezuelan reference crude 
than other studies. 
*Dilbit fuels do not include emissions associated with recirculating diluents back to Alberta. TIAX (2009) did not 
consider recirculation of diluent back to Alberta. Jacobs (2009) evaluated a scenario where diluent is recirculated to 
Alberta, which increased WTW emissions by 7 gCO2/MJ (LHV), or 7 percent, for reformulated gasoline relative to 
the case where diluent is not recirculated. This scenario has not been included in this figure because diluent will not 
be recirculated by the proposed Project. 
SCO = synthetic crude oil 
SAGD = steam-assisted gravity drainage 
CSS = cyclic steam stimulation 
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5.0 INCREMENTAL GHG EMISSIONS OF DISPLACING REFERENCE CRUDES WITH 
WCSB OIL SANDS 

 
As noted earlier in this chapter, based on the EnSys (2010) analysis, under most scenarios the proposed 
Project would not substantially influence the rate or magnitude of oil extraction activities in Canada, or 
the overall volume of crude oil transported to the United States or refined in the United States.  Thus, 
from a global perspective, the decision whether or not to build the Project will not affect the extraction 
and combustion of WCSB oil sands crude on the global market.   However, on a life-cycle basis and 
compared with reference crudes refined in the United States, oil sands crudes could result in an increase 
in incremental GHG emissions.23  Although a life-cycle analysis is not strictly necessary for purposes of 
evaluating the potential environmental impacts attributable to the proposed Project under NEPA, it is 
relevant and informative for policy-makers to consider in a variety of contexts.  For illustrative purposes, 
this Appendix provides information on the incremental life-cycle GHG emissions (in terms of the U.S. 
carbon footprint) from WCSB oil sands crudes likely to be transported by the proposed Project (or any 
transboundary pipeline). The incremental emissions are a function of: (i) the throughput of the pipeline, 
(ii) the mix of oil sands crudes transported by the pipeline, and (iii) the GHG-intensity of the crudes in the 
pipeline compared to the crudes they displace. Acknowledging the methodological differences in GHG-
intensity estimates between the studies, this section estimates weighted-average GHG emissions from 
WCSB oil sands crudes for a sub-set of the studies reviewed. The weighted-average results are used to 
estimate incremental GHG emissions from WCSB oil sands relative to displacing an equivalent volume 
of reference crudes in U.S. refineries. 
 

5.1 Weighted-average GHG emissions from WCSB oil sands crudes transported in the 
proposed Project 

 
While Figure 4-5 and Figure 4-7 indicate the full range of life-cycle GHG emissions estimates associated 
with individual methods of oil sands production, the actual life-cycle GHG emissions of WCSB oil sands 
crude that would be imported by the proposed Project or a similar transboundary pipeline to the United 
States would be a weighted-average mix of crudes produced using different methods of extraction, 
upgrading or diluting, and petroleum coke management practices. For example, IHS CERA (2010) 
assumed an average 55 percent dilbit and 45 percent SCO for WCSB oil sands imported to United States, 
and NETL (2008) assumed 57 percent SCO and 43 percent crude bitumen.24 In the EIS, DOS assumes 
that the average crude oil flowing through the pipeline would consist of about 50 percent Western 
Canadian Select (dilbit) and 50 percent Suncor Synthetic A (SCO). 
 
Estimating an “average” oil sands value allows for direct comparison with other “average” reference 
crude estimates, but it is difficult to characterize the “average” mix for WCSB oil sands due to the 
various: (i) methods of producing bitumen from oil sands deposits (i.e., mining versus in situ), (ii) fuel 
sources used (e.g., combustion of petroleum coke versus import of natural gas and export of electricity), 
and (iii) products produced from these operations (i.e., dilbit, synbit, and SCO). The average mix of 
WCSB oil sands production will also change over time depending on factors such as the share of in situ 
extraction relative to mining, the use of coke as a fuel source, and upgrading capacity. 
 

                                                            
23 Note that a substantial share of these emissions would occur outside of the United States.  Also note that the U.S. 
National Inventory Report, like other national inventories, only characterizes emissions within the national border, 
rather than using a life-cycle approach.  If the United States used a life-cycle approach, upstream emissions from 
other imported crudes would be attributed to the United States. 
24 There is a synergy between the two methods for producing and transporting bitumen down the pipeline in that the 
SCO upgrader produces steam and electricity that can be used in the SAGD process while mining is more energy-
efficient in extracting bitumen from the field. 
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ICF applied the following method to develop a weighted-average estimate for WCSB oil sands crudes 
likely to be transported in the proposed Project. First, we established a sub-set of studies that provided 
sufficient information to develop a weighted-average GHG estimate for WCSB oil sands. Next, we 
developed an estimated mix of WCSB oil sands crudes likely transported by the proposed Project in the 
near-term. Finally, we applied the studies’ WTW GHG emission estimates for different WCSB oil sands 
crudes to the mix of crudes likely to be transported by the proposed Project to calculate a weighted-
average for WCSB oil sands crude for each study. 
 
Only a sub-set of the studies included in this assessment provide sufficient information to develop a 
weighted-average GHG estimate for WCSB oil sands crude. To define “sufficient information”, we 
applied the following criteria: 

 Study includes the WCSB oil sands crude types that are likely to be transported in the proposed 
Project.  We assumed a 50/50 split between SCO and dilbit, for consistency with the EIS. 

 Study evaluates the full WTW life-cycle. Studies that evaluated only a portion of the life-cycle 
(e.g., only WTR or up to the refinery gate) cannot be accurately compared with other studies on a 
full life-cycle basis. 

 Study is a unique, original analyses, independent of other studies included in the review (i.e., not 
a meta-analysis of the same studies included in the review); several of the studies were meta-
analyses that summarized or averaged the results from other studies already included in this 
review (e.g., CERA [2010]).  
 

We also ensured that the studies used consistent functional units to evaluate WTW GHG emissions so 
that accurate comparisons could be made.  Table 5-1 evaluates each of the studies included in this 
assessment against the criteria. Of the studies, we found that Jacobs (2009), TIAX (2009), and NETL 
(2008, 2009) provided sufficient independent information to develop internally-consistent averages for 
the mix of WCSB oil sands crudes likely to be transported by the proposed Project. 
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Table 5-1: Evaluation of studies that provided sufficient independent, comprehensive information to develop 
weighted-average GHG emissions estimates for WCSB oil sands crudes 
Study Type Includes crudes 

likely to be 
transported by 
the proposed 

Project 

Evaluates full 
WTW GHG 

emissions 

Does not 
average across 
same studies 

already 
included in the 

review 

Meets criteria 

NETL 2008; 2009 Individual LCA Y1 Y Y Y 
IEA 20103 Meta-analysis N2 Y N N 
IHS CERA, 2010 Meta-analysis Y Y N N 
NRDC, 2010 Meta-analysis Y Y N N 
ICCT, 2010 Individual LCA N4 N5 Y N 
Jacobs, 2009 Individual LCA Y Y Y Y 
TIAX, 2009 Individual LCA Y Y Y Y 
Charpentier, et al., 
2009 

Meta-analysis N6 Y N N 

RAND, 2008 Individual LCA N7 N8 N N 
Pembina Institute, 
2005 

Partial LCA N9 N10 Y N 

Pembina Institute, 
2006 

Partial LCA N11 N10 Y N 

McCann, 2001 Individual LCA N12 Y Y N 
GHGenius, 2010 Model N13 Y Y N 
GREET, 2010 Model N14 Y Y N 
1 NETL assumed a mix of 43 percent blended bitumen and 57 percent SCO, and used crude bitumen as a proxy for 
the blended bitumen component. 
2 IEA includes estimates for high/low in situ and mining. Does not specify SCO or dilbit crude types. 
3 IEA results are compared on a per barrel of crude basis. 
4 ICCT evaluates average mix of oil sands imported to Europe. 
5 ICCT GHG emissions include refining, but exclude final distribution of premium fuel products. 
6 Charpentier et al. did not evaluate dilbit as a crude pathway. 
7 RAND only evaluated SCO from WCSB oil sands. 
8 RAND only evaluated WTR GHG emissions. 
9 Pembina (2005) only evaluated “oil sands average”, but did not specify the composition. 
10 Pembina (2005, 2006) only evaluated WTR GHG emissions. 
11 Pembina (2006) only evaluated GHG emissions from SCO. 
12 McCann only evaluated GHG emissions from SCO. 
13 McCann results are compared on a per 1,000 liters of transportation fuel basis. 
14 GHGenius does not include a pathway for dilbit production; the model only includes bitumen ((S&T)2 
Consultants 2008a). 
15 Published estimates for SCO and dilbit from WCSB oil sands crudes were not located for GREET, and 
development of these factors was beyond the scope of this assessment. 
 
It is assumed that 50 percent of pipeline throughput will be SCO, and 50 percent will be dilbit (as 
discussed in the EIS).  According to the Alberta Energy Resources Conservation Board (ERCB 2010), all 
WCSB dilbit is currently produced using in situ production. All WCSB bitumen produced from mining is 
upgraded to SCO and 12 percent of SCO is produced via in situ methods (ERCB 2010, pp. 2-18, 2-24). 
Applying this production mix to a 50/50 split of SCO and dilbit yields an estimated mix of 50 percent in 
situ-produced dilbit, 44 percent mining-produced SCO, and six percent in situ-produced SCO transported 
in the proposed Project. 
 
We evaluated WTW GHG emissions for in situ dilbit, in situ SCO, and mining SCO in Jacobs (2009) and 
TIAX (2009) using the following assumptions: 
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 For Jacobs (2009): 
o In situ SCO: We used the average of SAGD SCO from delayed coking and ebulating bed 

hydrocracking for WTW GHG emissions. Jacobs (2009) did not provide estimates for 
other types of in situ production methods, and assumed that all petroleum coke is 
stockpiled or buried at WCSB oil sands facilities. 

o In situ dilbit: We applied Jacob’s estimate for WTW GHG emissions from SAGD dilbit, 
assuming diluent is consumed at the refinery. Recirculation of diluent to Alberta was not 
included since diluent will not be recirculated by the proposed Project. 

o Mining SCO: We used Jacob’s estimate for mining SCO from delayed coking. 
 For TIAX (2009): 

o In situ SCO: We took a weighted average of WTW GHG emissions from SAGD SCO 
where petroleum coke is buried (i.e., TIAX’s “bury coke” scenario), and where it is used 
as a fuel (i.e., TIAX’s “use coke” scenario).  We assumed that 75 percent of petroleum 
coke is stockpiled, and 25 percent is used as fuel, based on data from ERCB (2010, p. 2-
30).25 

o In situ dilbit: We took the average of TIAX’s WTW GHG emissions estimates for 
facilities that export electricity and do not export electricity. We calculated a weighted 
average between dilbit from SAGD and CSS facilities, assuming 53 percent SAGD and 
47 percent dilbit, based on ERCB (2010, p. 2-22).26 

o Mining SCO: We used TIAX’s estimate for mining SCO, assuming that all petroleum 
coke is buried. TIAX did not investigate a scenario where petroleum coke produced from 
mining SCO is used as a fuel. 

 For NETL (2008):  
o Because NETL provided an average Canadian oil sands value assuming a 43 percent mix 

of blended bitumen and 57 percent SCO it was not necessary to calculate a weighted 
average, though as a result the underlying GHG intensities are not on an equal 
mathematical footing with the values computed from the Jacobs and TIAX studies. 
Because the NETL study did not decompose the value into its constituent parts, it was not 
possible for us to adjust the underlying percentages to represent the same pipeline mix.  

 
Table 5-2 provides the WTW GHG emission estimates in each study for the weighted-average WCSB oil 
sands crude likely to be transported in the proposed Project and the other reference crudes included in the 
scope of this assessment. These results are near-term averages for WCSB oil sands crudes likely to be 
transported in the proposed Project. They are based on current industry-average production mixes and 
practices, which are likely to change over time. 
 

                                                            
25 Based on industry-average practices reported by ERCB (2010, pp. 2-24, 2-30). Petroleum coke is produced at 
upgraders operated by Suncor Energy Inc., Syncrude Canada Ltd., Canadian Natural Resources Ltd. (CNRL), and 
Nexen Inc. Suncor represents 45 percent of SCO production from these facilities and uses roughly 26 percent of its 
petroleum coke as fuel, with 7 percent sold to other sources. Syncrude represents 46 percent of SCO production and 
uses 21 percent of petroleum coke as fuel. CNRL represents 8 percent of SCO production and stockpiles all of its 
coke. Nexen represents one percent of SCO production and gasifies all of its coke for process heat and hydrogen 
production. Weighting coke management practices by SCO production for each facility yields a coke stockpiling to 
use ratio of 75 to 25 percent across all facilities. 
26 According to ERCB (2010, p. 2-22) of in situ bitumen produced from SAGD and CSS, SAGD represented 53 
percent of production in 2009, and CSS accounted for 47 percent of production. Primary production of bitumen (i.e., 
using conventional oil production techniques) accounted for 32.9 thousand m3 per day, or 14 percent of total oil 
sands production in 2009, but was not included since GHG emission estimates for this production method were not 
provided in the studies included in the scope of this assessment. 
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Table 5-2: WTW GHG emissions estimates for weighted-average WCSB oil sands crude likely to be 
transported in the proposed Project and other reference crudes, by study 
Study Crude type WTW GHG emissions gCO2 per MJ (LHV) 
  Gasoline Diesel Kerosene/Jet fuel 
Jacobs 
2009 

WCSB oil sands (average)2 107 / 1093 105 N/A 

  In situ SCO 118 / 1173 114 N/A 
  In situ dilbit 106 / 1083 103 N/A 
  Mining SCO 108 / 1083 105 N/A 
 Middle Eastern Sour 98 / 993 98 N/A 
 Mexican Maya 102 / 1023 103 N/A 
 Venezuelan 102 / 1023  100 N/A 
TIAX 
2009 

WCSB oil sands (average)2 104 95 N/A 

  In situ SCO 115 109 N/A 
  In situ dilbit 105 96 N/A 
  Mining SCO 102 92 N/A 
 Middle Eastern Sour 91 83 N/A 
 Mexican Maya 93 86 N/A 
 Venezuelan 102 91 N/A 
NETL 
2008, 
2009 

WCSB oil sands (average) 106 105 102 

 U.S. Average (2005) 91 90 88 
 Middle Eastern Sour 89 89 86 
 Mexican Maya 94 96 91 
 Venezuelan1 90 90 87 
N/A = Estimates not available from study 
1“Venezuela Conventional” is used as the NETL reference crude for Venezuela Bachaquero in this analysis; this is 
amedium crude, not a heavy crude. 
2 Weighted-average of WCSB oil sands crudes, assuming 50 percent in situ-produced dilbit, 44 percent mining-
produced SCO, and six percent in situ-produced SCO. 
3 Jacobs (2009) provided results in terms of reformulated blendstock for gasoline blending (RBOB) and 
conventional blendstock for gasoline blending (CBOB); the results for gasoline are given here as RBOB / CBOB. 
 
Figure 5-1 indicates the GHG intensity of crudes likely to be transported in the proposed Project relative 
to each of the four reference crudes on a gasoline basis. Across all reference crude types, the results show 
a 2 to 19 percent increase in WTW GHG emissions from the weighted-average mix of oil sands crudes 
expected to be transported in the proposed Project relative to the reference crudes in the near term. 
Heavier crudes generally take more energy to produce and emit more GHGs than lighter crudes, and in 
particular, the weighted-average WCSB oil sands crude is currently more energy- and carbon-intensive 
than lighter crudes like Middle Eastern Sour. Although the three studies have underlying differences 
in assumptions, the comparisons illustrated in Figure 5-1 are internally consistent in that they make 
comparisons between crudes from the same study. 
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Figure 5-1: Percent change in near-term WTW weighted-average GHG emissions from WCSB oil sands 
crudes relative to reference crudes   

Notes: In this chart, all emissions are per MJ of reformulated gasoline with the exception of NETL 2009, which is 
per MJ of conventional gasoline.  
“Venezuela Conventional” is used as the NETL reference crude for Venezuela Bachaquero in this analysis; this is a 
medium crude, not a heavy crude; thus, the NETL values are compared against a lighter Venezuelan reference crude 
than other studies. 
The percent differentials refer to results for scenarios from the various studies and are calculated using the oil sands 
results relative to the corresponding study’s reference crude.  
 

5.2 Incremental GHG emissions from displacing reference crudes with WCSB oil sands 
crudes in U.S. refineries 

 
This section applies weighted-average WTW GHG emissions for WCSB oil sands crude to the expected 
initial and potential capacities of the proposed Project to calculate the potential total WTW GHG 
emissions added to the U.S. carbon footprint, on a life-cycle basis, from the crude transported by the 
proposed Project. We compare this against the WTW GHG emissions from an equivalent volume of each 
of the four reference crudes (i.e., U.S. average in 2005, Middle Eastern Sour, Mexican Maya, and 
Venezuelan Bachaquero) to calculate the total incremental GHG emissions from displacing these 
reference crudes with WCSB oil sands in U.S. refineries. These results only consider the effect of 
displacing these reference crudes in U.S. refineries—they do not estimate how global markets for WCSB 
oil sands crudes would be affected by the proposed Project. This was addressed in the EnSys (2010) 
analysis, discussed elsewhere in the EIS. 
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In order to assess the total WTW GHG emissions associated with weighted-average WCSB oil sands 
crudes likely to be transported in the proposed Project, it is necessary to account for the various refined 
products produced from the crude. Therefore, we convert the crude pipeline capacity from barrels of 
crude to an equivalent yield of gasoline and distillate products (i.e., the functional unit of per barrel of 
premium refined fuel products) using the data provided in Table 5-3 for each respective study. NETL and 
TIAX provide average U.S. refinery yields of gasoline and distillates, whereas Jacobs provides yields for 
individual crudes, including WCSB SCO and dilbit. 
 
Table 5-3. Yield of gasoline and distillates and equivalent barrels of gasoline and distillates from 100,000 
barrels of crude oil (MMTCO2e) 
Study1 Yield of gasoline and 

distillates2 per barrel of 
crude oil 

Equivalent barrels of 
gasoline and distillates 
produced from 100,000 

barrels of crude oil 

Source 

Jacobs 95% 94,738 Jacobs 2009, p. 5-18 
TIAX 82% 82,114 TIAX 2009, p. E-1 
NETL 77% 77,000 NETL 2008, p. 83 

1 The NETL and TIAX yields are based on average U.S. refinery product yields, whereas the Jacobs yield is based on the product 
yield from refining SCO and dilbit crudes. 
2 The yield of gasoline and distillates (i.e., premium fuel products) is calculated for each study as the total volume of gasoline, 
diesel, and kerosene or kerosene-based jet fuel, divided by total refinery output. 
 
The WTW GHG intensity of weighted-average WCSB oil sands crude likely to be transported in the 
proposed Project and other reference crudes are shown in Table 5-2 in terms of the functional unit of per 
MJ of gasoline, diesel, and jet fuel products. We converted the GHG intensities to a weighted-average 
functional unit of barrels of gasoline and distillates (i.e., the total sum of gasoline, diesel, and jet fuel 
products) based on the relative yield of gasoline and distillates from each study.27,28 
 
With similar functional units (i.e., barrels of gasoline and distillates) of the crude transported via the 
proposed Project and the weighted average WTW GHG emissions associated with oil sands crudes 
production, total WTW GHG emissions are calculated based on operational volume capacities of the 
pipeline. Similarly, the WTW GHG emissions associated with reference crudes is calculated in terms of 
the functional unit of barrels of gasoline and distillate yield based on operational volume capacities of the 
pipeline.  
 
Using the weighted-average estimate for the mix of WCSB oil sands crudes likely to be transported in the 
proposed Project, the incremental annual WTW GHG emissions associated with displacement of 100,000 
barrels of each reference crude oil per day with WCSB oil sands crude oil are shown in Table 5-4. The 
incremental GHG emissions were calculated by subtracting from the WTW GHG emissions an equivalent 
displaced volume of each reference crude. Note that these estimates provide an example of the potential 
effect on a life-cycle basis as result of the crude oil displacement in PADD III refineries; on a global 
scale, the decision whether or not to build the Project will not affect the extraction and combustion of 
WCSB oil sands crude on the global market (EnSys 2010). 

                                                            
27 For NETL, the relative yield of gasoline, diesel, and kerosene/jet fuel as a percentage of gasoline and distillates is  
58%, 30%, and 12% respectively based on the volumetric fraction of total refinery production (NETL 2008, Table 
4-54). For Jacobs, the relative yield of RBOB, CBOB, and diesel was calculated for each crude based on the refinery 
product yields in Table 5-4 (2009, p. 5-18). For TIAX, the relative yield of gasoline, diesel, and jet fuel is 57%, 
32%, and 11% respectively, based on the U.S. average modeling results provided in Table E-1 (2009, p. E-1). 
28 Since TIAX did not provide GHG intensity results for jet fuel, ICF calculated the weighted-average assuming that 
the GHG intensity was similar to diesel on an energy basis, and using the energy content values for diesel and jet 
fuel in Table E-1. 
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Table 5-4. Incremental annual GHG emissions of displacing 100,000 barrels per day of each reference crude 
with WCSB oil sands (MMTCO2e)  

Reference Crude Jacobs, 2009 TIAX, 20091 NETL, 20091 

Middle Eastern Sour 1.3 2.0 2.5 

Mexican Maya 0.5 1.6 1.7 

Venezuelan2 0.4 0.5 2.4 

U.S. Average (2005) NA NA 2.3 

Note: The incremental annual GHG emissions presented here are calculated using internally consistent comparisons 
for each reference crude and the weighted average WCSB oil sands crude using information from each respective 
each study. The incremental annual GHG emissions estimates for displacing the U.S. average (2005) reference crude 
is only provided for NETL (2009)  because only NETL included a U.S. average  reference. NA = Not Applicable. 
1 The NETL and TIAX studies allocate a portion of GHG emission to co-products other than gasoline, diesel, and jet 
fuel products, which are not accounted for in these estimates. As a result, incremental GHG emissions are 
underestimated for those studies.  
2 Venezuelan conventional crude values for NETL refer to a medium crude, not the heavy crude Venezuelan 
Bachaquero.   
 
The incremental GHG emissions in Table 5-4 are compared against four different reference crude oils. To 
the extent that Middle Eastern Sour is the world balancing crude, as indicated in EnSys (2010), it may 
ultimately be the crude that is backed out of the world market by WCSB oil sands crudes. From another 
perspective, if the proposed Project is built and the PADD III refineries continue using about the same 
input mix of heavy crudes as they currently use, Venezuelan Bachaquero or Mexican Mayan are likely to 
be displaced by WCSB oil sand crudes.  Finally, NETL (2009) estimated the GHG emissions intensity of 
the average barrel of crude oil refined in the United States in 2005. The Jacobs and TIAX studies are not 
compared to this reference crude because they did not include a U.S. average estimate. 
 
The three studies referenced in Table 5-4 used different methods to allocate GHG emissions between 
premium fuels (e.g., gasoline, diesel, and jet fuel) and other co-products (e.g., light and heavy ends, 
petroleum coke, sulfur). Jacobs (2009) attributes all GHG emissions associated with extracting, refining, 
and distributing other co-products to premium fuels,29 so the incremental GHG emissions for Jacobs 
(2009) in Table 5-4 do take into account the production and use of these co-products. 
 
As noted elsewhere in the EIS, the initial throughput of the proposed Project is projected to be 700,000 
barrels of crude per day with a potential capacity of 830,000 barrels per day.30 Based on the results in the 
Jacobs study, incremental GHG emissions from the proposed project would be 9 million metric tons of 
CO2 equivalent (MMTCO2e) annually at the initial pipeline capacity, and 11 MMTCO2e annually at the 
potential capacity, if the oil sands crude oil transported by the proposed Project offset an equivalent 
amount of Middle Eastern Sour crude oil. Incremental emissions would be 3.7 to 4.4 MMTCO2e annually 
at initial and potential capacities, respectively, if oil sands crude oil offset Mexican Maya crude oil, and 
3.1 to 3.7 MMTCO2e annually if Venezuela Bachaquero crude oil were offset. 
 
Unlike the Jacobs study, the NETL and TIAX studies allocate a portion of GHG emissions to co-products 
other than gasoline, diesel, and jet fuel products, and these emissions are not included in the WTW GHG 
                                                            
29 Jacobs (2009) also applies a substitution credit for offsetting other products that are replaced by each of the co-
products. For example, the production and use of petroleum coke is assumed to offset GHG emissions from coal-
fired electricity production. 
30 We assumed the pipeline would be operating 365 days a year at an initial capacity of 700 thousand barrels per day 
and a potential capacity of 830 thousand barrels per day. 
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results shown in Table 5-2. As a result, the incremental GHG emissions estimates for TIAX and NETL in 
Table 5-4 may underestimate total incremental GHG emissions. 31. 
 
TIAX (2009, p. 34; Appendix D, p. 42) found that the change in refinery energy use associated with an 
incremental barrel output of co-products other than gasoline, diesel, and jet fuel contributed to less than 
one percent of energy use and GHG emissions per barrel of refined product at the refinery, so any error 
introduced by the underestimate of GHG emissions attributed to co-products is negligible. According to 
the results of the TIAX study, incremental GHG emissions would be 14 MMTCO2e at the initial project 
capacity and 17 MMTCO2e annually at the proposed project capacity if oil sands crude oil offset an 
equivalent amount of Middle Eastern Sour crude oil. Incremental emissions would be 11 to 13 MMTCO2e 
and 3 to 4 MMTCO2e annually if oil sands crudes offset Mexican Maya and Venezuelan Bachaquero 
crude oil, respectively, at the initial and potential project capacities. 
 
Based on the results of NETL (2009), incremental emissions would be 18 to 21 MMTCO2e annually if oil 
sands crude oil offset an equivalent amount of Middle Eastern Sour crude oil at the initial and potential 
project capacities. Incremental emissions would be 12 to 14 MMTCO2e and 17 to 20 MMTCO2e annually 
if oil sands crudes offset Mexican Maya and Venezuelan Bachaquero crude oil, respectively, at the initial 
and potential project capacities. Compared to the average barrel of crude refined in the United States in 
2005, incremental emissions from oil sands crudes would be 16 to 19 MMTCO2e annually at initial and 
potential project capacities. The effect of allocating a portion of the life-cycle GHG emissions of refining 
crude oils to other, non-premium co-products was larger in the NETL study than in either of the studies 
by Jacobs (which did not allocate any emissions to other co-products) or TIAX (which allocated less than 
1 percent of GHG emissions at the refinery to other co-products). To estimate the magnitude of this 
effect, the NETL results for WCSB oil sands and the 2005 U.S. average crude oils were adjusted to 
include other product emissions modeled in NETL’s analysis. The lead NETL study author was contacted 
to vet the approach used to make this adjustment in order to ensure that it was made consistently with the 
NETL study framework (Personal communication, Timothy Skone, 2011). Adjusting the NETL results to 
include other product emissions could increase the differential between WCSB oil sands and the 2005 
U.S. average crude oils by roughly 30 percent. 
 
As noted earlier, based on the EnSys (2010) analysis, the proposed Project would not substantially 
influence the rate or magnitude of oil extraction activities in Canada, or the overall volume of crude oil 
transported to the United States or refined in the United States.  Thus, from a global perspective, the 
project will not affect the extraction and combustion of WCSB oil sands crude on the global market.  
These incremental GHG estimates provide an example of the potential effect, on a life-cycle basis, 
resulting from displacement of reference crude oils in PADD III refineries.   
 
The full range of incremental GHG emissions estimated across the reference crudes and sub-set of studies 
is 3 to 17 MMTCO2e annually at the initial throughput or 4 to 21 MMTCO2e at the potential throughput. 
This overall range of 3 to 21 MMTCO2e is equivalent to annual GHG emissions from the combustion of 

                                                            
31 Adjusting the TIAX and NETL GHG emission estimates to include co-products other than gasoline, diesel, and 
kerosene/jet fuel would require two pieces of information: (i) the GHG intensity of the other products, for both 
WCSB crudes and reference crudes, and (ii) the yield of the other products, for both WCSB crudes and reference 
crudes. TIAX (2009) and NETL (2008) do not provide explicit emissions intensity factors or product yields in a 
format that enables separate emissions estimates to be developed for these products. These products largely 
comprise the remaining fractions of the input crude that cannot be converted into premium products, and take 
relatively little incremental energy and GHG emissions to produce. 
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fuels in approximately 588,000 to 4,061,000 passenger vehicles or the CO2 emissions from combusting 
fuels used to provide the energy consumed by approximately 255,000 to 1,796,000 homes for one year.32 
 
The increments presented here are based on life-cycle emission estimates for current or near-term 
conditions in the world oil market.  Over time, however, the GHG emission estimates for fuels derived 
from both WCSB oil sands crude oils and the reference crude oils are likely to change.  For instance, it 
will become more energy-intensive to produce reference crudes over time as fields mature and secondary 
and tertiary recovery techniques, such as CO2 flooding are required to maintain production levels (see 
section 4.2.2.1).  
 
At the same time, in situ extraction methods are projected to represent a larger share of the overall oil 
sands production – increasing from about 45 percent of 2009 oil sands production to an estimated 53 
percent by 2030 (ERCB 2010). In particular, the share of SAGD in situ extraction methods are projected 
to rise from roughly 15 percent in 2009 to 40 percent of oil sands production in 2030 (CERA 2010).33 
Although it is unclear how the GHG-intensity of reference crudes relative to WCSB oil sands crudes will 
change over time,  we consider it likely that GHG intensity for future reference crudes will trend upwards 
at a slightly faster rate than WCSB oil sands-derived crudes. If this is the case, the differential in WTW 
GHG emissions of WCSB oil sands crudes is likely to decrease relative to reference crudes.  
 
 
6.0 KEY FINDINGS 
 
LCA is a useful analytic tool for evaluating the climate change implications of refining one fuel source in 
the United States relative to another. It is suitable for this application because it allows for a more 
complete understanding of the climate change impacts.  The GHGs associated with extraction of crude 
from a reservoir through combustion of refined fuel in vehicles can be expressed in a single metric of 
CO2-equivalent GHG emissions per unit of transportation fuel; the emissions have the same effect on 
global climate change regardless of where they are emitted (e.g., whether in Alberta, Saudi Arabia, 
Venezuela, or Mexico during crude production and widely dispersed during fuel combustion).  In 
addition, LCA has a precedent and regulatory standing in similar fuel-related policy issues, such as EPA’s 
Renewable Fuel Standard (RFS2) and the State of California’s Low Carbon Fuel Standard (LCFS). 
 
Applying LCA to petroleum systems is at the cutting-edge of LCA state of the art. The complex life cycle 
of fuels requires the consideration of a large number of analytical design issues. As discussed in section 
4.1, these include developing rules for how to handle co-products (section 4.1.4) within the study’s 
system boundaries or to allocate the GHG emissions associated with production and use of these outputs 
outside of the boundaries. The choice of functional unit (section 4.1.5)—whether in terms of a barrel of 
crude, a barrel of refined premium fuel products (including or excluding co-products), or a barrel of a 
specific product such as gasoline or diesel—also influences the presentation of the results. Finally, the 
design life of the proposed Project and the likelihood of substantial changes in emissions intensity over 
time make the results sensitive to the study timeframe (section 4.1.2) and any assumptions used to 
forecast future trends in technology, fuel use, global oil supply, and extraction methods.  It is necessary to 
be aware of each LCA study’s treatment of these issues in order to understand the results and to make 
meaningful comparisons of the life-cycle GHGs from different crude sources.   
 

                                                            
32 Equivalencies based on EPA’s GHG Equivalency calculator available at: http://www.epa.gov/cleanenergy/energy-
resources/calculator.html 
33 Although the balance of mining and in situ extraction will change in the future, there are incentives for producers 
to keep GHG intensity as low as possible.  For example, Alberta’s climate policy requires that oil sands producers 
and other large industrial GHG emitters reduce their emissions intensity by 12 percent from an established baseline.   
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In addition, information on a large number of individual inputs and assumptions (section 4.2) is necessary 
to capture the relative life-cycle GHG emissions between fuels in sufficient detail. In many cases, key 
information and data sources are proprietary or not otherwise publicly available, which reduces the 
quality or transparency (section 4.3) (and sometimes both) of the final results.  This can make it difficult 
to resolve discrepancies between different studies or to identify the underlying drivers behind variation in 
the results of WTW LCAs. 
 
Despite the wide variation in design, inputs, and assumptions within the LCA studies reviewed, several 
key findings emerge.  The following findings are clearly supported by the LCA results: 
 

1. WCSB crudes, as likely transported through the proposed Project, are on average more 
GHG-intensive than the crudes they would displace in the United States.  In a comparison of 
the relative increase in weighted-average GHG emissions between WCSB oil sands-derived 
crudes that would likely be transported by the proposed Project and other reference crudes, each 
of the three most comprehensive and comparable WTW studies show that WCSB oil sands have 
higher life-cycle GHG emissions than the four reference crudes. The difference between WCSB 
oil sands and heavy Mexican and Venezuelan crudes is narrower than lighter crudes, such as 
Middle Eastern Sour. Thus, the life-cycle carbon footprint, for transportation fuels produced in 
U.S. refineries, would increase if the project were approved. 

 
2. Based on the EnSys (2010) analysis, the proposed Project would not substantially influence the 

rate or magnitude of oil extraction activities in Canada, or the overall volume of crude oil 
transported to the United States or refined in the United States.  Thus, from a global perspective, 
the project is not likely to result in incremental GHG emissions.   However, from the 
standpoint of the U.S. carbon footprint, on a life cycle basis, displacing reference crudes with oils 
sands crudes could result in an increase in the footprint.  We estimate that the effect of 
importing WCSB oil sands crudes through the proposed Project on the U.S. GHG life-cycle 
carbon footprint is between 3 to 21 MMTCO2e. The incremental increase depends upon (i) the 
throughput of the pipeline, (ii) the mix of oil sands crudes transported by the pipeline, and (iii) the 
GHG-intensity of the crudes in the pipeline compared to the crudes they displace.  

 
3. A large source of variance for a given crude across the studies is the treatment of lower-

value products such as petroleum coke, electricity exports from cogeneration, and 
secondary carbon effects such as land-use change and capital equipment.  The primary flows 
of energy and carbon from the premium fuel products produced at the refinery are generally well-
understood and characterized across the various studies. In contrast, the treatment of lower-value 
products, electricity imports and exports, and secondary carbon flows varies widely across the 
various studies, as shown in Table 4-10. Many of these factors have a medium to large effect on 
WTW emissions. The different treatments of secondary flows contribute to a large portion of the 
variation in the results across the studies.  
 

4. Upgrading bitumen to allow its flow through a pipeline shifts a portion of the GHG 
emissions from refining to further upstream in the life cycle, i.e., just prior to crude 
transport. Upgrading bitumen into SCO removes the light ends and heavy residuum ahead of 
transport to the refinery. As a result, a barrel of SCO will produce a greater quantity of premium 
products than a barrel of “full-range” reference crudes that have not been upgraded. Furthermore, 
a barrel of dilbit contains 30 percent diluents (that do not make significant contribution to 
gasoline) and 70 percent bitumen (with a high fraction of residuum, requiring a higher amount of 
energy intensive coking to make gasoline and distillate fuels along with a higher fraction of 
petroleum coke than light crudes). Although a number of studies did not account for this effect, 
refinery models used by Jacobs (2009) and TIAX (2009) validated this result. Studies that do not 
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account for the reduction in refinery energy use for SCO will overestimate the GHG emissions 
from SCO relative to other crude sources. 

 
5. The relative GHG-intensity of both reference crudes and oil sands-derived crudes will 

change differently over time. The studies reviewed in this assessment represent a current 
snapshot of life-cycle emissions within the studies for given reference years, shown in Table 4-
10. The life-cycle GHG emissions of both WCSB oil sands and reference crudes, however, will 
change differently over time. Conventional (deep) crude reservoirs require higher energy 
intensive secondary and tertiary production techniques as the reservoirs deplete and as water cut 
of the produced reservoir fluids increases, and even the best recovery techniques capture less than 
50 percent of the original oil in place. Surface mining of the oil sands – given the vast aerial 
extent of the WCSB and that mining recovers 100 percent of the crude oil in place – is expected 
to have a relatively constant energy intensity long into the future. 
 

6. The largest share of GHG emissions from the fuel life-cycle occurs from combustion of the 
fuel itself, regardless of the study design and input assumptions. The study design and input 
assumption factors discussed above concern only 20 to 30 percent of the WTW GHG emissions 
for most fuels. The remaining 70 to 80 percent result from combustion of refined fuel products. 
Figure 6-1 shows the contribution from fuel combustion (i.e., tank-to-wheel or TTW emissions) 
relative to extraction, refining, transportation and distribution (i.e., WTT emissions) for gasoline 
produced from reference and oil sands-derived crudes (NETL 2008). When WTT emissions and 
combustion emissions are evaluated together, the percentage change in WTW GHG emissions are 
much smaller than on a WTT basis. 
 

Figure 6-1: WTW GHG emissions by life-cycle stage for WCSB oil sands average crude (i.e., Canadian oil 
sands) and reference crudes (developed with results data from NETL 2009) 

 
* Includes upgrading for WCSB oil sands 
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In contrast with the above list of robust findings, the results from the studies included in the scope of this 
assessment differ on the following points: 
 

1. It is not clear whether WCSB oil sands-derived crudes are currently more GHG-intensive 
than other heavy crudes or crudes with high flaring rates.  The life-cycle GHG emissions of 
WCSB oil sands crudes can fall within the same range as heavier crudes—such as heavy 
Venezuelan crude oil and California heavy oil—and lighter crudes that are produced from 
operations that flare most of the associated gas (e.g., Nigerian light crude). The overall results 
vary by study, however, and are driven by study design factors, such as the type of WCSB oil 
sands extraction method evaluated, the extraction methods and properties of the reference crude 
that WCSB oil sands crudes are compared against, as well as study-specific inputs and 
assumptions including treatment of petroleum coke, cogeneration, and secondary carbon flows.  

 
2. There is no common set of LCA boundaries or metrics for comparison of WTW GHG 

emissions across different fuels and crudes. For example, key design issues where studies 
differ include: (i) treatment of petroleum coke and lower-value products; (ii) the functional unit, 
or metrics used to present WTW GHG emissions; (iii) methods of estimating and including 
secondary carbon flows, such as direct and indirect land use change, capital infrastructure. In 
some cases (e.g., selection of LCA boundaries and functional unit), these issues will be 
determined by the ultimate goal or purpose of the study; in other cases, there is no established 
method or approach for including certain emissions (e.g., land-use change and capital equipment). 
 

3. It is not clear how changes in technology will affect the relative GHG-intensity of reference 
crudes and WCSB oil sands-derived crudes, but we believe the gap between these crudes is 
more likely to narrow than widen. The life-cycle GHG emissions of WCSB oil sands and 
reference crudes will change over time, but it is not clear how these changes will impact the 
relative GHG emissions of reference crudes relative to WCSB oil sands crudes. On one hand, 
secondary and tertiary recovery techniques will become necessary to extract larger shares of oil, 
increasing the GHG emissions of reference crudes. ExxonMobil has made the point in “The 
Outlook for Energy, A View to 2030,” 2005 Edition, that the best tertiary recovery techniques can 
recover approximately 40 to 45 percent of the original oil in place, and while the industry does 
not know what the next best extraction techniques will be, the industry will not leave 55 percent 
of the World’s proven reserves in the ground. Exploration for new oil reservoirs will also 
continue, while the location and extent of WCSB oil sands is well understood. On the other hand, 
in situ extraction—which is generally more energy- and GHG-intensive than mining—will  
represent a larger share of oil sands production in the future, although technical innovation will 
likely continue to reduce the GHG-intensity. Technologies for combusting or gasifying petroleum 
coke may also become more prevalent in WCSB oil sands (or reference crude) operations, 
increasing GHG emissions. Over the longer term, CCS technologies could capture and sequester 
CO2 emissions, reducing the GHG footprint of WCSB oil sands crudes; the timeframe for 
adoption of CCS at oil sands facilities is highly uncertain (on the order of two or more decades), 
and similar technologies would be applicable to concentrated streams of CO2 released from 
reference crude production facilities.  
 

4. The oil sands’ GHG results do not necessarily represent the average or actual oil sands 
composition (i.e., the types and shares of oil sands-derived crudes) that would flow through 
the proposed Project pipeline.  Some studies provide averages (e.g., NETL provides a WCSB 
oil sands average that comprised of 57 percent SCO and 43 percent bitumen; IHS CERA provides 
an average for WCSB oil sands imported to United States assuming 55 percent dilbit and 45 
percent SCO) while others include results for several types of oil sands and different scenarios 
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that vary the treatment of petroleum coke and other factors.  Elsewhere in this EIS, DOS assumes 
that the average crude oil flowing through the pipeline would consist of about 50 percent Western 
Canadian Select (dilbit) and 50 percent Suncor Synthetic A (SCO). Although  an “average” 
GHG-intensity estimate for WCSB oil sands allows for a direct comparison to other reference 
crudes imported to the United States, it is difficult to characterize the “average” mix due to 
variations and uncertainty in: (i) methods of producing bitumen from oil sands deposits (i.e., 
mining versus in situ), (ii) fuel sources used (e.g., combustion of petroleum coke versus natural 
gas, export of electricity), and (iii) products produced from these operations (i.e., dilbit, synbit, 
and SCO). These mixes are likely to change over time as well. 

 
Table 6-1 provides a summary of the key drivers that influence the WTW GHG emissions from the 
studies included in this assessment. The vertical columns establish whether each driver results in an 
increase or decrease in GHG emissions from WCSB oil sands crudes relative to reference crudes, or if the 
result is uncertain. The horizontal rows group each driver according to its magnitude of impact on WTW 
GHG emissions (i.e., small, medium, or large), as discussed in sections 4.1, 4.2, and 4.4. The magnitude 
of impact is based on a synthesis of the estimates cited throughout the life-cycle studies reviewed.  
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Table 6-1: Summary of key factors, their magnitude of impact on WTW GHG emissions, and their effect on 
GHG emissions of WCSB oil sands crudes relative to reference crudes  
Magnitude 
of Impact1 

Change in GHG emissions of WCSB oil sands crudes relative to reference crudes 

Increase Decrease Uncertain 
Large  Inclusion of a credit for 

fuels offset by petroleum 
coke combustion at the 
refinery 

 Using residual products 
(such as petroleum coke) 
instead of natural gas at 
upgrading 

 Increased combustion of 
coke at oil sands facilities 

 Comparing WCSB oil 
sands crudes against 
lighter reference crudes 

 Comparing higher GHG-
intensity WCSB oil sands 
production methods (e.g., 
in situ) to reference 
crudes 

 For dilbit: re-circulating 
diluent from refineries 
back to Alberta 

 Inclusion of production 
and combustion 
emissions from petroleum 
coke and other co-
products produced at 
refinery 

 Including emissions 
credit for electricity 
export from oil sands 
facilities 

 Accounting for artificial 
lift, water, and gas 
treatment in reference 
crude production 

 Future increases in 
secondary and tertiary 
production of reference 
crudes 

 Comparing WCSB oil 
sands crudes against 
heavier reference crudes 

 Comparing lower GHG-
intensity WCSB oil sands 
production methods (e.g., 
mining) to reference 
crudes 

 Future changes in GHG-
intensity of oil sands 
crudes 

 Adoption of carbon 
capture and storage 
technologies  

 Including upstream 
production of purchased 
electricity and fuels 
brought on-site 

 Inclusion of emissions 
associated with capital 
equipment and 
infrastructure  
 

Medium  Including land use 
changes 

 Including methane 
emissions from mining 
tailings ponds 

 Assuming electricity 
exported from oil sands 
facilities offsets low 
GHG-intensity electricity 
generation (i.e., natural 
gas instead of coal) 

 Comparing oil sands 
derived crude with a 
relatively low SOR  

 For SCO: Including the 
effect that upgrading 
SCO has on downstream 
GHG emissions at the 
refinery 

 Accounting for carbon 
flows associated with 
land use change of 
reclaimed land  

Small  Including methane 
emissions from mine face 

 Inclusion of the 
transportation emissions 
associated with co-
products 

 Accounting for actual 
crude distance traveled 
and mode of 
transportation, including 
domestic transportation 
from oil field to port 

 Including fugitive 
emissions from all 
processing facilities 
 

1 Large = greater than approximately 3 percent change in WTW emissions. Medium = approximately 1 – 3 percent change in 
WTW emissions. Small = less than approximately 1 percent change in WTW emissions. 
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