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a b s t r a c t

Life cycle assessments can help inform decision-making about greenhouse gas (GHG) emission reduction
opportunities but are often not embraced by stakeholders associated with industries where study results
are highly scrutinized and often contentious. This project was motivated by stakeholder interest in
understanding open source life cycle models (the Oil Production Greenhouse Gas Emissions Estimator,
OPGEE, and the Petroleum Refinery Life Cycle Inventory Model, PRELIM) and how accurately they can
estimate emissions for existing oil sands projects and emerging technologies. We evaluate the robustness
of these models and improve them using data from three existing oil sands projects (mining þ
upgrading, mining þ dilution, and steam assisted gravity drainage, SAGD, þ dilution). The models are
then applied to estimate the GHG emissions reduction potential for two emerging in situ oil sands
technologies. We find that, when boundaries are aligned, OPGEE can generate upstream GHG emissions
estimates for the projects modeled within 1-4% of company reported GHG emissions data. Extending the
boundary to include indirect (life cycle) emissions can lead to a doubling in upstream GHG emissions
intensity. The two emerging technologies evaluated in the study can reduce upstream emissions by 14-
19% compared to a SAGD project operating at the same reservoir, or 1.4-1.9% on a well-to-wheel basis.
This work contributes a revised process of conducting LCAs that includes stakeholder input throughout
and results in more robust and transparent estimates of emissions from deploying existing and emerging
technologies.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The delivery of improved greenhouse gas (GHG) emissions
performance of energy systems requires both the development of
new technologies and transparent methods to estimate emissions
reductions over time. Life cycle assessment (LCA) estimates envi-
ronmental impacts of a product or process from the extraction of
resources through to the disposal of unwanted residuals. From
LCA’s initial use as a decision-making tool for product comparisons,
LCA results are now also the basis for GHG intensity-based policies
(e.g., low carbon fuel standards, LCFS) and are used to inform
funding agencies and investors supporting the development of new
on).

Ltd. This is an open access article u
technologies (Bergerson et al., 2019; Guinee et al., 2011). In in-
dustries where LCA results are highly scrutinized and sometimes
contentious, transparency and robustness of results is important to
gain support from stakeholders (e.g., regulatory bodies, policy-
makers, LCA practitioners) so that LCA results can guide decision-
making towards achieving meaningful GHG intensity reductions.

The stakeholder groups affected by LCA results often face a
general disconnect in terms of the boundaries, data, and assump-
tions employed in estimating direct versus life cycle GHG emis-
sions, leading to different interpretations of LCA study results. LCAs
generally have broader study boundaries than published data from
regulatory emissions reporting data, so a project’s life cycle emis-
sions may be much higher than regulatory emissions reported.
Stakeholder analysis is a systematic approach for gaining infor-
mation about relevant individuals, groups, or organizations to
better understand their motivations, intentions, influence, and
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opinions (Brugha, 2000). Stakeholder analysis has been used to
inform environmental decision-making, for example, for natural
resource management (Raum, 2018), energy infrastructure plan-
ning (Nguyen et al., 2018), or environmental policy-making
(D’Agostino et al., 2020). Expert elicitation can fill data gaps
about the future performance of emerging technologies by solicit-
ing expert judgment where information is lacking or of low quality
(McKellar et al., 2017; Morgan, 2014; Sleep et al., 2017). The Inter-
national Organization for Standardization (ISO) 14040/14044
guidelines (ISO, 2006) provide general guidance on stakeholder
engagement in LCA (e.g., on the importance of dialogue with the
commissioner of study). Most LCAs employing stakeholder analysis
focus on social LCA (e.g., Blom and Solmar, 2009) or multi-criteria
decision-making (e.g., Herrmann et al., 2014) where stakeholders
are presented with options to rank or evaluate according to their
preferences or expert judgment.

We present a new approach for engaging stakeholders to
improve the models, data, and assumptions employed in LCA. We
bring stakeholders directly into conversations about selection of
assumptions and data for the base case results, incorporating
expert knowledge into the goal and scope definition of the study
that is often not captured in the literature about a technology or
project. To our knowledge, this is the first study to document this
integrated approach of LCA and stakeholder engagement. We are
also working to improve understanding of differences between
studies, support for the use of open sourcemodels, and engagewith
industry and government to improve transparency and robustness
of LCA models. This collaborative approach is expected to improve
the dialogue about potentially contentious topics such as discrep-
ancies in LCA and regulatory emissions estimates that can be
explained and used to further inform discussions.

A case study of oil sands technologies demonstrates this process.
This case study was motivated by stakeholder interest in under-
standing open source life cycle models and how closely they can
replicate emissions for individual oil sands projects and the emis-
sions reduction potential of emerging technologies.

Existing oil sands technologies have been well characterized in
the literature and open source models are available to assess their
life cycle GHG intensities (e.g., Bergerson et al., 2012; Brandt, 2011;
Cai et al., 2015; Charpentier et al., 2011, 2009; El-Houjeiri et al.,
2013; Gordon et al., 2015; Guo et al., 2020; Masnadi et al., 2018;
Orellana et al., 2018; Sleep et al., 2020, 2018). The life cycle of
transportation fuels extends from well-to-wheel (WTW), from
bitumen extraction through to combustion of gasoline and diesel
for transportation. Masnadi et al. (2018) and the Oil Climate Index
(OCI; Gordon et al., 2015) employ open source models and have
respectively quantified well-to-refinery (WTR) and WTW GHG in-
tensities of a range of global crudes. Both studies place oil sands
projects near the upper end of their GHG intensities; Masnadi ranks
Canada as the 4th most GHG-intensive crude producing country
out of the 90 countries modeled, primarily due to oil sands pro-
duction. Of the 75 crude pathways modeled in the OCI, the four oil
sands pathways are in the upper quartile of GHG intensity (Car-
negie Endowment, 2015). Other studies (Orellana et al., 2018; Sleep
et al., 2018) have shown that upstream GHG intensities across oil
sands projects can vary by more than a factor of three (52e172 kg
CO2eq/bbl bitumen across SAGD projects, Orellana et al., 2018) or a
factor of 1.5 (89e137 kg CO2eq/bbl synthetic crude oil, SCO, across
mining and upgrading projects, Sleep et al., 2018), even when
employing the same extraction technology. These open source tools
are used outside of the academic realm (e.g., by policymakers in
California’s LCFS; CARB, 2018), impacting the competitiveness of
industries covered under these standards. These models can be
improved through comparison with reported GHG data and
through collaboration with industry experts. They can also be
2

adapted to estimate the GHG intensities of new technologies.
Oil sands projects benefit from stringent regulatory standards

for public reporting of verified third party data. Energy consump-
tion and emissions are published by the Alberta Energy Regulator
(AER, 2019; 2015a; 2015b) and under the Alberta government’s
Carbon Competitiveness Incentive Regulation (CCIR, which
replaced the 2018 Specified Gas Emitters’ Regulation (Alberta
Climate Change Office, 2018), and, in 2020, was replaced by the
Technology Innovation and Emissions Reduction Regulation). These
provide a consistent dataset against which to test whether open
source tools can replicate reported emissions.

This project has two objectives: 1) engage stakeholders to
evaluate open source life cycle models by comparing GHG in-
tensities of three existing oil sands projects with publicly-reported
emissions data; and 2) estimate the potential impact of two
emerging oil sands technologies on life cycle GHG intensities. In-
dustry experts leading technology development can provide in-
sights and data about technology performance when public data is
confidential or out of date. We employ the Oil Production Green-
house Gas Emissions Estimator (OPGEE; El-Houjeiri et al., 2017b)
model and the Petroleum Refinery Life Cycle Inventory Model
(PRELIM; Abella et al., 2019a). OPGEE’s accuracy is evaluated by
comparing OPGEE’s emissions estimates to company-reported
emissions. No additional evaluation of PRELIM was conducted in
this study.
2. Material and methods

2.1. LCA and stakeholder engagement approach

This project was commissioned by Alberta Innovates and
Emissions Reduction Alberta, began in September 2018, and
concluded in December 2019. LCA practitioners (study authors,
henceforth, the research team) led the study, in consultation with
an Advisory Committee selected by Alberta Innovates with feed-
back from the research team. Advisory Committee members were
identified as stakeholders in oil sands development with expertise
in oil sands operations with LCA expertise or those who have use
for LCA results. The Advisory Committee included representatives
from government agencies (e.g., Alberta Innovates, Emissions
Reduction Alberta, Natural Resources Canada), industry groups
(e.g., IHS Markit Ltd., ARC Financial Corp.), LCA experts (e.g., Jacobs
Consultancy Inc., the National Energy Technology Laboratory), and
industry experts from the companies whose projects we (research
team) modeled (Canadian Natural Resources Limited (CNRL), Im-
perial Oil Ltd., and MEG Energy).

The following approach is employed to engage stakeholders
throughout the LCA (see also Appendix A.1.1):

� Evaluate open source tools in consultation with the Advisory
Committee.

� Reconcile differences between regulatory data and data needed
to investigate broader LCA boundaries. Explore the concept of
“open access” data and data accessibility/usability.

� Engage regularly with Advisory Committee to solicit feedback
on selection of boundaries, functional units (the denominator
used to present emissions intensity), and base case assumptions
that best represent existing operating conditions. Final decisions
about the study design were made by the research team.

� Estimate emissions from dilbit or SCO production at five oil
sands projects using historic operating data.

� Extend boundary to estimate life cycle GHG intensities of five oil
sands pathways (building project-specific data into pathways
that include representative downstream activities) using several
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system boundaries and multiple functional units to present re-
sults relevant to a range of stakeholders.

� Create scenarios and run sensitivity analyses where data are
scarce or multiple options exist (e.g., diluent sourcing for
blending).

� Improve open source models based on feedback and new data
provided by companies.

� Compare results across pathways and to other studies that es-
timate the GHG intensity of crude production.

� Circle back to Advisory Committee for discussion and iteration
on model runs.
2.2. Projects modeled

We estimate WTW GHG intensities of three existing oil sands
projects: 1) CNRL’s Horizon mining project (mining þ upgrading)
(“Horizon Oil Sands,” 2020); 2) Imperial’s Kearl mining project
(mining þ dilution) (“Kearl,” 2020); and 3) MEG’s Christina Lake
Regional Project (CLRP) Steam Assisted Gravity Drainage (SAGD)
(SAGD þ dilution) (“Christina Lake Project,” 2020). We also esti-
mate WTW GHG intensities of two emerging oil sands projects: 1)
MEG’s enhanced Modified Steam and Gas Push (eMSAGP)
(“eMSAGP,” 2020); and 2) Imperial’s Solvent-Assisted SAGD (SA-
SAGD) (“Aspen,” 2020). MEG’s eMSAGP technology is modeled
based on eMSAGP wells at the CLRP (MEG, 2019). Imperial’s SA-
SAGD technology is characterized primarily using regulatory
application data for the proposed Aspen SA-SAGD project (IOL,
2018).

The Imperial Kearl project began operating in 2013. The mine
employs paraffinic froth treatment for bitumen separation and
produces dilbit. The CNRL Horizon project is an integrated mining
and upgrading project that began operation in 2009. The mine
employs naphthenic froth treatment for bitumen separation and
bitumen produced is sent to an on-site delayed coking upgrader
that produces a high-API SCO.

MEG CLRP started operations in 2008 as a SAGD project and
MEG initiated its pilot of eMSAGP, a new technology that involves
co-injection of natural gas with steam in December 2011 (MEG,
2008). eMSAGP is usually deployed after achieving 30% oil recov-
ery via SAGD and includes “infill wells” installed between pro-
ducing well pairs to further increase recovery rate. The initial SAGD
operations have an average steam-oil ratio (SOR) of 2.6. After
switching to eMSAGP, the remaining oil can be recovered at an SOR
as low as 1.3 (MEG, 2019), enabling an estimated overall lifetime
SOR of 2.0. As of 2018, eMSAGP is not considered pilot-level. By
reducing steam requirements at existing wells, MEG diverts the
freed-up steam into new wells to further increase production.

Imperial’s Aspen project is an in-situ oil sands development
project that was initially proposed as a steam assisted gravity
drainage (SAGD) project in 2013 (IOL, 2018). After conducting a
pilot project (IOL, 2015), the proposed extraction and recovery
method at Aspenwas updated in 2015 to SA-SAGD and amended in
2018 to include further improvements in the SA-SAGD process
design. Adding solvent to the injected steam reduces in-situ oil
viscosity thereby increasing bitumen production rates and reducing
SOR and thus emissions (IOL, 2015).

2.3. Outcomes of discussions with stakeholders

By including the Advisory Committee in discussions about
framing the LCA and assumptions made throughout the study, we
were able to define a base case that best reflects the reality of how
these projects are operating. As base case assumptions in LCAs are
typically given more attention than sensitivity analyses, getting
3

these details right should be elevated in their priority in LCA.
Stakeholder input generated richer insights and scenarios more
representative of existing operations. Key discussion points
included choice of system boundary, functional unit, and operating
time frame.

Several system boundaries can be applied to study hydrocarbon
production chains. The choice of system boundary affects GHG in-
tensity. No single “correct” system boundary choice exists, so clarity
on the boundary applied is important. The boundaries selected
address distinct stakeholder questions about emissions from the
life cycle of oil sands bitumen. The process for developing each set
of results highlighted the value of different types of boundaries and
assumptions. We complete an extensive sensitivity analysis,
differentiating between parameters driving variability and uncer-
tainty to distinguish factors more within operator control (vari-
ability) versus those that reflect inherent unknowns about the
system (uncertainty).

In consultation with the Advisory Committee, three system
boundaries and a range of functional units are selected: 1) up-
stream (i.e., up to themine/upgrader/in situ facility plant gate) in kg
CO2eq/bbl crude; 2) well-to-tank (WTT) and WTW in kg CO2eq/bbl
crude and g CO2eq/MJ gasoline, diesel, or jet fuel, to compare
pathways on a common functional unit; and 3) WTR (OPGEE
boundary) in g CO2eq/MJ crude, for comparison to results from
Masnadi et al. (2018). Upstream results are presented for individual
projects, our best representation of current operations. WTR, WTT,
and WTW results are presented for pathways with individual
projects placed within their life cycle for a base case, our best es-
timate of the downstream treatment of their crude. For example,
the refinery location and configuration a given barrel of dilbit is
processed in is unknown and often changes over time. In 2018,
~70% of dilbit was refined in the U.S. Midwest (PADD2; EIA, 2019),
typically in deep conversion refineries, which we assume in the
base case for dilbit pathways.

The Advisory Committee was consulted to determine the best
operating time frames to employ that would enable a fair com-
parison across technologies. The Advisory Committee agreed that
projects should be compared while operating at “steady state”,
after start up emissions are incurred. For SAGD, start up emissions
occur due to lag between when steam injection begins and when
the reservoir is sufficiently heated to commence commercial-scale
bitumen production, generating spikes in the SOR (a key emissions
driver) in the first several months of operation. Projects also
continue to add new process units, etc., adapting over time and
sometimes leading to periods with higher energy consumption
rates.

There is no consistent process for defining steady state within
the industry. We worked with each company to define steady state
for their project. Based on these discussions, as many of these
projects are either new or expanded or changed their operations
over 2013e2018, 2018 was selected to represent steady state. Pre-
vious LCA studies have not explicitly accounted for the operating
stage of a project, potentially comparing projects at different
operating stages. This was only apparent from early discussions
with industry experts. Additional results were generated using
2015e2017 operating data to show recent/historic emissions. The
additional results show the consistency in estimates between
OPGEE and regulatory datawhen study boundaries are aligned. The
GHG intensities presented are not intended to be representative of
future intensities, but to show how these technologies perform (or
are expected to perform for SA-SAGD) and for existing technologies,
how performance has changed over this study’s operating period.

Other methodological decisions that generated the most dis-
cussionwith the Advisory Committee includedmodeling emissions
from diluent supply (which can be locally-sourced natural gas
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condensate or can be recycled from refineries), land use emissions,
and treatment of surplus electricity exported to the Alberta grid
(Appendix A.1.7).

2.4. Models and data

Fig. 1 shows the study boundaries and the models employed in
developing GHG emissions results for each boundary.

Upstream and crude transport (WTR) emissions are estimated
using OPGEE v2.0 (El-Houjeiri et al., 2017b). OPGEE is an open
source LCA tool that estimates GHG intensities from the production,
processing, and transport of all types of crudes. The OPGEE
boundary includes combustion emissions from fuel consumption,
indirect emissions associated with electricity import (or export),
fuel production and transport to oil sands facilities, flaring, fugitive,
and land use emissions, and emissions frommaterials used on-site.
Over 100 emissions sources are included in OPGEE (El-Houjeiri
et al., 2017a). The oil sands pathways in OPGEE represent the
average operating conditions for different oil sands technologies
which have been updated in this study with project-specific data.

Refinery emissions are estimated using PRELIM v1.3 (Abella
et al., 2019a) and include direct and indirect emissions from fuels
consumed by refinery process units. PRELIM accounts for crude
properties (described in crude assays) and refinery configuration.
PRELIM models 10 refinery configurations, representing most
existing North American refineries. We model four of those con-
figurations: hydroskimming (the least processing of crude), me-
dium conversion, and two deep conversion (the most extensive
level of refining) refineries. The configurations selected are typical
configurations not intended to represent any specific refinery.
PRELIM tracks the flows into and out of each process unit in the
refinery and the emissions from each process unit so emissions can
be allocated to refinery products (gasoline, diesel, jet fuel, liquid
heavy ends, coke) on a process-unit level, where the burden of
emissions for each product is assigned based on the GHG intensity
of the process units within the refinery that produce that product
(Abella et al., 2019b). Emissions can be allocated to products based
on the hydrogen, mass, or energy content of the products.

Refined products transport emissions are estimated based on
2009 U.S. transport data, including direct and indirect emissions
from fuels consumed in transporting these products (Appendix
A.1.10). Combustion emissions (direct) are estimated using the
equation presented in Appendix A.1.11.

A one-way sensitivity analysis is conducted to show the impact
of key parameters on the base case results. We identify two types of
variation to explore in a sensitivity analysis: parameter uncertainty
and variability (e.g., variability in process energy consumption,
range of reported land use emissions) and model uncertainty and
Fig. 1. Life cycle boundaries and models e
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variability (e.g., choice of upstream emissions factor, method for
crediting pathways for surplus electricity exported to the grid) as
defined by Lloyd and Ries (2008). Where feasible, variability in
inputs is derived from the monthly project operating data reported
over the time periods modeled (i.e., 2015e2017 and 2018). The
selection of low and high values for individual parameters in the
sensitivity analysis is discussed in Appendix Sections A.1.7-A.1.9.
3. Results and discussion

3.1. Evaluation of open source models e existing technology
upstream emissions example

This study began with stakeholder questions about OPGEE’s
ability to accurately replicate the reported upstream GHG emis-
sions of individual operating projects. Companies helped interpret
public data and supplemented that data with confidential data as
needed. OPGEE was updated with project-specific data and run to
generate best estimates of life cycle GHG intensities. OPGEE’s
boundaries weremodified to alignwith regulatory GHG boundaries
to compare OPGEE’s direct emissions estimate to that project’s
reported emissions. This meant excluding tailings and land use
emissions, and indirect (supply chain) emissions from natural gas,
diluent, and imported electricity.

Fig. 2A shows Kearl’s OPGEE evaluation in kg CO2eq/bbl dilbit.
When OPGEE boundaries align with regulatory GHG reporting
boundaries, OPGEE predicts the emissions for Kearl within 0.7 kg
CO2eq/bbl dilbit (within 2.2%). OPGEE’s best estimate of Kearl’s
upstream emissions are 58.2 and 54.7 kg CO2eq/bbl dilbit for the
2015e2017 and 2018 timeframes, respectively. Changing the
boundary from one that aligns with regulated emissions to OPGEE’s
life cycle boundary results in emissions almost doubling (from 30.2
to 58.2 kg CO2eq/bbl dilbit, 2015e2017 and from 25.7 to 54.7 kg
CO2eq/bbl dilbit, 2018). Kearl’s upstream emissions decreased by
3.5 kg CO2eq/bbl dilbit (6.0%) between 2015 and 2017 and 2018.

The biggest driver of direct emissions is natural gas combustion
(20.3 kg CO2eq/bbl dilbit IOL, 2018). The biggest sources of indirect
emissions are from diluent supply (10.8 kg CO2eq/bbl), land use
(7.1 kg CO2eq/bbl), and grid electricity imported (6.5 kg CO2eq/bbl).
Diluent emissions are highly uncertain due to uncertainty in
condensate supply chain emissions and diluent separation at the
refinery (Appendix A.1.7.7 and A.3.3).

The key result of this comparison is that OPGEE emissions using
default OPGEE settings are higher than reported emissions not from
modeling errors, but from broader system boundaries used by
OPGEE.
mployed in pathway characterization.



Fig. 2. Upstream GHG intensity for dilbit production with comparison to regulatory GHG data for a) Imperial Kearl and b) MEG eMSAGP. Stacked bars show breakdown of emissions
in the base case. The bars on the figure’s left side represent life cycle emissions, including all of OPGEE’s emissions sources. The bars on the right side present emissions if model
boundaries are aligned with regulatory GHG reporting (emissions within the facility boundary). Diamonds show net upstream emissions. Negative portion of bar shows credit given
to project for surplus electricity exported to the Alberta electricity grid. Sensitivity analysis results for Imperial Kearl and MEG’s eMSAGP project are presented in Section A.2.4 and
3.6, respectively.
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3.2. Evaluation of open source models e emerging technology
upstream emissions example

As energy consumption data is reported facility-wide,
combining SAGD and eMSAGP well data, MEG experts gave input
on how to allocate reported energy consumption data for CLRP to
SAGD and eMSAGPwells to estimate the effect of adopting eMSAGP.
OPGEE’s evaluation is undertaken by comparing the 2018 OPGEE
eMSAGP GHG estimate to the 2018 eMSAGP regulatory emissions
reporting.

As steam generation efficiency is a key determinant of GHG
intensity for in situ projects, we modify OPGEE’s steam generation
module to better model natural gas consumption in steam gener-
ators (Appendix A.3.1). After this modification, error in OPGEE’s
annual natural gas consumption for MEG from 2015 to 2018 was
between �3.5 and 6.4%. OPGEE’s evaluation was undertaken after
this modification.

Fig. 2B shows that if MEG continued SAGD operations into 2018
(without eMSAGP), its field-wide upstream GHG intensity would
have been 65.7 kg CO2eq/bbl dilbit. The 2018 eMSAGP GHG in-
tensity is 55.7 kg CO2eq/bbl dilbit, 15% below the 2018 SAGD esti-
mate. When OPGEE’s boundaries are aligned with company GHG
reports (excluding indirect emissions from land use, natural gas,
and diluent), the 2018 direct OPGEE GHG intensity for eMSAGP is
reduced to 37.9 kg CO2eq/bbl dilbit. The difference between MEG’s
reported 2018 GHG intensity (39.9 kg CO2eq/bbl dilbit, converted
assuming a 27% volumetric fraction of diluent in dilbit) is less than
2%.

Again, a key result of Fig. 2B is the alignment between OPGEE
results and reported results when the system boundary of OPGEE is
set to align with the reporting boundary. Differences between
OPGEE and reported results is from these boundary considerations
and not modeling error.

OPGEE best estimates assume an electricity export credit of
0.37 t CO2eq/MWh (the CCIR benchmark employed at the time of
this study). Company-reported emissions employ an internally
derived credit reflecting the net benefit of exporting electricity back
to Alberta’s higher-intensity grid calculated as the difference of the
average Alberta grid intensity and the operating electrical intensity
of MEG’s cogeneration units. Of the projects studied, only MEG is a
net exporter of electricity, so affected by the choice of electricity
export credit. Cogeneration credit choice affects upstream emis-
sions for MEG’s SAGD and eMSAGP projects by up to 10% (Appendix
Fig. A4).

3.3. Comparison of upstream GHG intensities across current and
emerging projects

Upstream GHG intensities across oil sands projects are
compared for the base case (employing 2018 operating data) in
Fig. 3. We upstream present results for dilbit and SCO on separate
axes to emphasize that these crudes have distinct downstream
processing requirements so are not directly comparable.
Comparing MEG SAGD/eMSAGP and Imperial SAGD/SA-SAGD
pathways show the GHG intensity reductions expected from
adopting these technologies – 14 and 19%, respectively, compared
to SAGD operating in the same reservoir. A detailed breakdown of
results can be found in Appendix Section A.3.2.

3.4. Comparison of WTT and WTWGHG intensities across pathways

Project-level upstream results are incorporated into WTW
pathways by adding downstream (crude transport, refining, prod-
ucts transport, and end use) activities representative of current
operations (e.g., refinery location and configuration). WTT and
6

WTW GHG intensities are compared in Figs. 4 and 5, respectively.
Across the WTW, variability in emissions across pathways largely
disappears (range from 106 to 109 g CO2eq/MJ gasoline). Upstream
emissions are between 9.6 and 17% (per bbl crude) of WTW GHG
intensities, with most WTW emissions driven by tank-to-wheel
emissions (75e78% of WTW emissions per bbl crude). Reductions
in upstream GHG intensities between emerging pathways and the
SAGD reference pathways have a smaller impact on variability than
downstream variability due to the upstream stage’s modest
contribution to WTW emissions (1.6 and 1.9% of WTW emissions
per MJ gasoline for eMSAGP and SA-SAGD, respectively). The
functional unit affects relative WTT/WTW GHG intensities across
pathways, as each crude has distinct properties affecting product
slate, refinery emissions, and, consequently, allocation of emissions
to refinery products.

Results generated with each boundary and functional unit
provide distinct insights of interest to different stakeholders. Oil
sands operators and Alberta regulators may be most interested in
upstream emissions incurred in the province and WTT emissions
per bbl crude, as those are within some operator control (e.g.,
diluent sourcing and upgrading). Refiners could use results per bbl
crude to target refinery-wide GHG reductions, or per MJ refinery
product, to see impacts of changing crude properties, product slate,
or configuration on GHG intensities of individual products. Policy-
makers and fuel consumers are most interested WTW results per
MJ product. LCFS-type regulations employ WTW boundaries
because they includemany types of processes, making comparisons
at intermediate endpoints challenging or impossible (e.g., biofuels
and electric vehicles). Comparing pathways over the WTW pre-
vents incentivizing decisions that shift GHG burdens between re-
finery products without reducing overall emissions, e.g., by shifting
emissions from products regulated under LCFS (e.g., gasoline) to
products not subject to intensity-based regulations.

3.5. Sensitivity analysis results

An extensive sensitivity analysis showed stakeholders the im-
pacts of decisions madewhen defining the base case and addressed
the Advisory Committee’s concerns about base case assumptions,
for example, about the robustness of land use emissions data
available at the time of the study. By including a wide range of
values encompassing much of the existing public land use data in
the sensitivity analysis, we showed that over theWTW, uncertainty
in this parameter is less important than others. Concerns from
stakeholders regarding other base case assumptions led to addi-
tional sensitivity analysis than previous LCAs of oil sands-derived
products (e.g., diluent sourcing).

Fig. 6 shows the 15 most sensitive parameters affecting WTW
GHG intensities per bbl crude for the MEG eMSAGP pathway
(additional sensitivity results are in Appendix A.3.4). Variable pa-
rameters (blue) can be more easily targeted for GHG reductions.
Uncertain parameters (orange) are more reflective of the inherent
unknowns about the system. In Figs. 6 and 9/10 most sensitive
parameters represent variability. Within those, upstream sources of
variability (e.g., diluent sourcing, SOR) are most within operator
control.

Of all upstream parameters, diluent sourcing has the strongest
influence on WTW results for dilution pathways as diluent repre-
sents ~20e30% of the barrel. Previous studies have either assumed
that all diluent is refined with dilbit into refinery products, or that
diluent is entirely separated prior to refining and returned to the oil
sands for reuse. In practice, oil sands operators use a combination of
these two diluent sources; at the time of this study, ~62% of diluent
is locally-sourced condensate.

The process units in the refinery that produce diluent recycling



Fig. 3. Upstream GHG intensities for current and emerging oil sands projects per bbl crude (dilbit: Imperial/MEG; SCO: CNRL). Stacked bars show breakdown of emissions for 2018
steady state base case results and theoretical Imperial SAGD and SA-SAGD projects based on regulatory application data. Diamonds show net upstream plant gate emissions.
Negative portion of bar shows credit given to project for surplus electricity exported to the Alberta electricity grid. Uncertainty and variability are not shown in the figure but are
explored in the sensitivity analysis.
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cannot bewell understood using currently available public data and
merit further investigation (Appendix A.1.7.7). We developed a
hybrid diluent sourcing scenario, sourcing diluent both locally and
from refineries. We adapted PRELIM to model multiple diluent
recovery pathways at the refinery that varied in where in the re-
finery the diluent was separated (i.e., after distillation or before
product stream blending) and the crude input to the refinery (i.e.,
PRELIM source diluent directly from recycled dilbit or from PADD2-
average crude) to explore the emissions implications of diluent
sourcing. Even over the WTWemissions variability from diluent
sourcing and uncertainty in modeling diluent separation at the
refinery are substantial and merit further investigation.

Across pathways, refinery configuration is the most sensitive
parameter regardless of functional unit. Processing oil sands crude
in a hydroskimming refinery is technically possible but is unlikely
due to lower yields of high value products when heavier crudes are
processed in these refineries and lack of these refineries in North
America. Reducing refinery coke combustion reduces WTW emis-
sions across all pathways. Some parameters (including refinery
configuration) may reduce emissions per MJ gasoline but increase
emissions per bbl crude, depending on how the parameter affects
refinery processes.

Relative to downstream variability, uncertainty in upstream
parameters such as fugitive and land use emissions have less
impact on WTW emissions. Work is underway to improve moni-
toring of these emissions to reduce the magnitude and uncertainty
of these parameters.

3.6. Comparison of WTR results to oil sands pathways and global
petroleum baseline in Masnadi et al. (2018)

One motivation for this study was to compare these updated oil
sands emissions estimates with results from other LCA studies.
Every LCA study of crude production (oil sands or otherwise) is
7

distinct in terms of its goal, scope, boundaries, data employed,
projects or pathways characterized, modeling approaches, and as-
sumptions. Without some alignment of boundaries, assumptions,
etc., no two studies can be directly compared (apples-to-apples
comparison). This often occurs regardless, sometimes leading to
conflicting insights when comparing results across studies and
generating concerns about the accuracy of open source LCA tools.
To facilitate comparisons between this study and previous work,
we completed a side by side comparison between our results and
Masnadi et al. (2018). We compare against Masnadi et al. because at
the time of this study, Masnadi et al. is the most up-to-date and
comprehensive peer-reviewed study of emissions from global
crude supply. Both studies focus on upstream emissions. The pro-
cess of presenting this comparison highlights how inconclusive
comparisons could be without this careful attention to
comparability.

Fig. 7 shows the steps taken to get from theMasnadi et al. (2018)
production-weighted average SAGD WTR GHG intensity to this
study’s base case 2018 MEG eMSAGPWTR GHG intensity (for other
pathways see Appendix A.3.5). Across pathways the biggest dif-
ference in estimates between Masnadi et al. and this study arise
from different assumptions about indirect natural gas GHG in-
tensity, diluent sourcing, transport distances, and land use emis-
sions. The largest change in results occurs when OPGEE is modified
to better reflect the Alberta context. Using a western Canadian
natural gas supply emissions factor has a large impact on SAGD’s
GHG intensity due to high gas requirement for SAGD. The OPGEE
default indirect natural gas GHG intensity is from the U.S. Depart-
ment of Energy’s Greenhouse gases, Regulated Emissions, and En-
ergy use in Transportation (GREET) model (Wang, 2016), which is
higher than our current best estimate for western Canada (14.3 vs
6.4 g CO2eq/MJ).

The base case assumes crude transport via pipeline to PADD2
(Chicago area) where ~70% of oil sands-derived crude is processed



Fig. 4. WTT GHG intensities for existing and emerging oil sands pathways a) per bbl crude (dilbit or SCO) and b) per MJ refinery product (gasoline, diesel, and jet fuel). Upstream
results generated using 2018 operating data (except Imperial’s SA-SAGD pathway which is derived from regulatory application data). The base case assumes dilbit is refined in a
generic deep conversion (FCC; fluid catalytic cracker) refinery and SCO is refined in a generic medium conversion (FCC) refinery. The impact of refinery configuration on WTW
results is tested in the sensitivity analysis.
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(EIA, 2019). As of 2020, multiple PADDs throughout the U.S. process
oil sands crudes which may be shipped overseas in the future. Base
case estimates are one of many possible scenarios. The sensitivity
analysis includes plausible variations but is not a comprehensive
forecast.

This study models oil sands projects considered “above-average
8

performers”, seen when comparing project specific estimates
(column 3) and the volume-weighted industry average (column 2).
Moving from Masnadi et al. volume-weighted 2015 industry-
average SAGD to MEG 2015 SAGD reduces WTR GHG intensity by
1.0 g CO2eq/MJ dilbit (from 13.2 to 12.2 g CO2eq/MJ). The compar-
ison between MEG’s SAGD project and the Masnadi et al. SAGD-



Fig. 5. WTW GHG intensities for existing and emerging oil sands pathways a) per bbl crude (dilbit or SCO) and b) per MJ refinery product (gasoline, diesel, and jet fuel). Upstream
results generated using 2018 operating data (except Imperial’s SA-SAGD pathway which is derived from regulatory application data). The base case assumes dilbit is refined in a
generic deep conversion (FCC; fluid catalytic cracker) refinery and SCO is refined in a generic medium conversion (FCC) refinery. The impact of refinery configuration on WTW
results is tested in the sensitivity analysis.
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average shows the impact of industry-leading operations, innova-
tion, and favourable reservoirs for bitumen production on emis-
sions. The projects modeled in this study are not representative of
industry averages or typical cases. Previous work has investigated
9

historic drivers of upstream GHG intensities for oil sands crudes
across a broad range of oil sands projects (Orellana et al., 2018;
Sleep et al., 2018).

The comparisons to Masnadi et al. show that if this study’s



Fig. 6. WTW GHG intensity sensitivity analysis results in kg CO2eq/bbl crude for MEG eMSAGP. Processing oil sands-derived crude in a hydroskimming refinery is technically
possible but is unlikely due to low yields of higher-value refinery products (per MJ gasoline sensitivities in Appendix A.3.4).

Fig. 7. Comparison of Masnadi et al. (2018)’s volume-weighted industry-average 2015 SAGDWTR GHG intensity aligned with OPGEE indirect GHG assumptions to MEG’s 2018 SAGD
and eMSAGP GHG intensities from this study. All estimates are generated using OPGEE. We show: 1) changes from generic OPGEE inputs (indirect natural gas and electricity
emissions factors, land use emissions) and Masnadi et al. assumptions (diluent fraction, crude API gravity, crude transport distance, miscellaneous emissions) to represent the
Alberta context and 2) changes from a generic industry-average 2015 SAGD pathway to MEG-specific operating data from 2018. Masnadi et al. vol-weighted ind-avg SAGD results
are developed by running field-level results for SAGD projects and aggregating them to a volume-weighted industry-average SAGD (results presented in Masnadi et al. are
aggregated to the country level).
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OPGEE modifications to reflect the Alberta context are verified
(particularly indirect natural gas supply GHG intensity), oil sands
pathways modeled in Masnadi et al. updated with Alberta-specific
input assumptions can have upstream emissions 14e35% lower
than if OPGEE default input assumptions are employed, as are
currently modeled in Masnadi et al. (2018). However, verification of
Alberta’s indirect natural gas emissions intensity is needed to build
confidence in the comparison between our study’s results and
those presented in Masnadi et al. due to its influence on oil sands
pathways. A robust comparison of these oil sands projects to a
global average GHG emissions intensity of crude production would
require replicating the approach this study takes to characterize the
emissions from oil sands projects in the Alberta region for all crude
producing regions globally. This is outside of the scope of the cur-
rent study but is recommended for future research.

WTR GHG intensities provide an idea of how these projects
perform, however, as crude compositions across oil fields vary, the
WTW should be accounted for to fully characterize differences in
the life cycle GHG intensity of these crudes. Appendix A.3.6 dis-
cusses comparisons to other WTW studies.

3.7. Recommendations and future work

The Alberta government and companies participating in this
study provided unprecedented access to and assistance in inter-
preting operating data and data to better characterize the regional
context, allowing for more robust estimates than in other crude
producing regions. This can and should be done in other regions.
Current public data does not allow for such an assessment.

While every effort was made to accurately model emissions
from these projects, uncertainty and variability exist and should be
considered when interpreting LCA results. Sources of uncertainty
and variability include how new technologies will perform at scale
at reservoirs different from their current or proposed sites, pro-
cessing crudes in different refinery configurations, and producing
different product slates. Upstream sources of uncertainty that merit
future investigation include diluent, fugitive, and land use
emissions.

The proposed approach brings stakeholders directly into con-
versations about selection of assumptions and data for the base
case results, incorporating expert knowledge into the goal and
scope definition of the study that is often not captured in the public
literature about a technology or project. This is used to improve the
life cycle models and therefore the decisions that are informed by
the models, as well as developing more trust about their robust-
ness. Some limitations of this approach remain that may influence
the applicability of this method to other regions or technologies,
including additional time required by both the LCA practitioners
and stakeholders to define the goal and scope definition of the
study and verify the data collection and interpretation, and stra-
tegies to deal with issues such as when consensus is not reached
between the LCA practitioners and stakeholder groups about the
methods to employ. As with all LCAs, robust results require robust
input data, which may not be available for all regions or technol-
ogies or may be constrained by confidentiality requirements.

The comparison to Masnadi et al. shows the impact of adopting
a western Canadian indirect natural gas GHG intensity on WTR
GHG intensities of oil sands pathways. OPGEE employs a generic
indirect natural gas GHG intensity (14.3 g CO2eq/MJ from
GREET1_2016; Wang, 2016) derived from the U.S. Environmental
Protection Agency’s annual GHG inventory (Burnham, 2017). This
indirect natural gas GHG intensity was developed from U.S. data
and is likely most representative of that region. Recent literature
(e.g., Brandt et al., 2014) has shown large discrepancies in fugitive
emissions for natural gas supply between top-down and bottom-up
11
analyses, contributing to wide uncertainty around indirect natural
gas GHG intensities even from a single region. Across natural gas
projects, a small number of “superemitters” are responsible for
most of themethane leaks that lead to high emissions (Brandt et al.,
2014). Within GREET, the indirect natural gas GHG intensity is
updated annually, and ranged from 12.4 to 15.1 g CO2eq/MJ over
2016e2019 (Wang, 2017, 2019).

We employ an indirect natural gas GHG intensity of 6.4 g CO2eq/
MJ (Senobari, 2016), representing western Canadian natural gas
supply for which emissions vary widely, from 5.9 (Sapkota et al.,
2018) to 13.3 g CO2eq/MJ ((S&T)2, 2011), depending on the natu-
ral gas source and LCA model employed. Current western Canadian
estimates are limited in their rigor and transparency and require
additional validation. Further, should a region-specific indirect
natural gas GHG intensity be adopted for oil sands pathways in
global crude GHG intensities, region-specific values should be
employed for all crude producing regions. Public data is currently
insufficient to model supply chain emissions for each crude pro-
ducing region in a consistent and transparent way. Future work
should improve upon these estimates.
4. Conclusion

By engaging with stakeholders throughout the project, we
improved on existing open source models, characterized emerging
oil sands technologies, and identified the biggest drivers of dis-
crepancies between our results and previous GHG intensity esti-
mates of oil sands projects. The result is improved estimates of the
WTW GHG intensities of existing and emerging oil sands technol-
ogies and an integrated approach for stakeholder engagement in
LCA that can be applied to other industries.

Reconciling the differences between regulatory data and open
source LCA model results builds support from stakeholder
regarding the accuracy of these models in representing their pro-
ject’s emissions. We show that when using project-specific input
data and aligning boundaries, OPGEE estimates GHG intensities for
the projects evaluated within 1e4% of company-reported data.
When the boundary is expanded to include life cycle boundaries
(including indirect emissions from natural gas, electricity and
diluent supply, land use and lifetime tailings ponds emissions),
upstream GHG intensities for current oil sands pathways almost
double (from 25.7, 70.6, and 37.9 to 54.7, 93.3, and 55.7 kg CO2eq/
bbl crude for Imperial Kearl, CNRL Horizon, and MEG eMSAGP
pathways, respectively). Comparing model estimates to publicly-
reported data demonstrates that discrepancies between OPGEE’s
estimates and reported emissions are driven by differences in
boundaries rather than model inaccuracies. It shows the need for
careful treatment, understanding, and interpretation of public data
in LCA models. Regional regulatory reporting requirements are not
always alignedwith data requirements and boundary choices when
life cycle estimates are the goal.

Although no evaluation of downstream activities (refining and
fuel combustion) was conducted in this project, their inclusion
shows that emissions from upstream oil sands operations
contribute 9.6e17% of the WTW GHG intensities (507, 552, and
507 kg CO2eq/bbl crude for Imperial Kearl, CNRL Horizon, and MEG
SAGD pathways, respectively). On a WTW basis, the GHG intensity
reductions from adopting emerging technologies reduces GHG in-
tensity per MJ gasoline approximately 1.6 and 1.9% for eMSAGP and
SA-SAGD, respectively. We show the value in comparing pathways
with multiple boundaries and functional units: while upstream
results show that these emerging technologies could contribute to
large absolute emissions reductions in Alberta, more work is
needed to reduce the intensity of the full supply chain.
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