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Abstract: The literature is replete with concerns on the environmental impact of steam-assisted
gravity drainage (SAGD), but rigorous analysis of its improved environmental performance over the
past 20 years remains unresolved, as well as the underlying technological reasons for this improve-
ment. Here, we present an analysis of historical and future greenhouse gas (GHG) performance of
SAGD operations in Alberta, Canada, considering for the first-time factors that affected technology
deployment. Depending on the case, the results show a reduction of 1.4-24% of SAGD GHG intensity
over the past 12 years. Improvements mainly arise from incremental changes adopted based on
technical, environmental, socio-economic, and policy drivers. Considering these factors, we propose
policy interventions to accelerate further reductions of GHG emissions. However, if similar behaviour
from industry continues, anticipated GHG intensity reduction will range between 6.5-40% by 2030,
leading to an intensity between 58 and 68 kgCO,e/bbl. It still remains unclear if in situ oil sands
bitumen extraction will reach current conventional oil emission intensities. Thus, we suggest that
the SAGD industry drastically accelerate its deployment of cleaner oil sands extraction technologies
considering the policy insights proposed.

Keywords: steam-assisted gravity drainage; bitumen; emission intensity; environmental performance;
policy interventions; technology deployment

1. Introduction

With the global increase in energy demand and decline of conventional oil production,
the focus has shifted toward transportation fuels from unconventional fossil resources, such
as bitumen deposits [1]. One of the largest known petroleum resources globally are the oil
sands deposits in Alberta, Canada, with ~1.7 trillion barrels (bbls) in place and ~161.3 billion
bbls in oil reserves [2]. This significant amount of global oil sands reserves estimated, as
over 6 trillion bbls constitute the oil sands in Alberta, the third largest proven reserves in
the world after Saudi Arabia and Venezuela [3,4]. Canadian bitumen production has been
increasing since 2006, reaching 2.67 million bbls/day in 2017 [5], making Canada the sixth
largest producer of oil globally [2,4]. Concurrently, due to larger production, greenhouse
gas (GHG) emissions have also grown [6]. Due to the nature of oil sands resources and the
oil’s high viscosity, in situ production processes largely depend on steam injection—these
processes are energy intensive with large consequent environmental impacts. According to
Canada’s National Inventory Report (NIR), annual absolute oil sands direct emissions in
Canada grew from 15 Mt (megatonnes) of CO; equivalent (COze) in 1999 to 84 Mt COze
in 2018. On a per barrel basis, the emissions intensity dropped from 119 kgCO,e/bbl in
1990 to 78 kgCO,e/bbl in 2018 [6]. Oil sands emissions account for ~11% of total GHG
emissions reported in Canada in 2018 (729 Mt COze) [6]. The production of crude bitumen
has been forecast to rise over the next decade [2] and thus, the increase of absolute GHG
emissions due to production growth is concerning.
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The two main techniques in bitumen extraction are surface mining and in situ extrac-
tion. Surface mining is used for <70 m deep resource and accounts for ~20% of current oil
sands reserves [4]. In situ thermal techniques are used for deeper oil sands resources [2],
with two commercial methods used: steam-assisted gravity drainage (SAGD), and cyclic
steam simulation (CSS). In these technologies, high temperature steam injected into the
reservoir heats the bitumen, lowering its viscosity, rendering it mobile enough to be pro-
duced to surface [7]. In 2017, CSS contributed 10% of total bitumen supply, whereas SAGD
contributed 45%, with a forecast to increase to 56% by 2030 [4]. Compared to conventional
crude oil recovery, SAGD operations have three times higher GHG emissions intensity [8,9].
Given steam and water processing costs and its environmental impact, SAGD must be
improved with respect to economics and emissions [10,11].

Many life cycle assessment studies have been done on GHG emissions of oil sands in
situ extraction and conversion to transportation fuels (e.g., Nimana et al. [12,13]; Berger-
son et al. [14]; McCann and Magee [15]; Jacobs [16]). Public tools have been developed to
assess oil sands pathways, e.g., El-Houjeiri et al. [17], GREET [18], NRC [19]. Charpentier
et al. [20] and Orellana et al. [21] developed the GHG emissions of current oil sands tech-
nologies (GHOST) life cycle-based model to analyze direct and indirect emissions of diluted
bitumen and synthetic crude oil from CSS and SAGD for cogeneration and no cogeneration.
Orellana et al. [21] focused on projects producing >10,000 bbls/day. By using Monte Carlo
simulations, they showed that the median cumulative weighted emissions intensity of
SAGD and CSS projects (1999-2013) in Alberta has been relatively unchanged during this
period. Their results were based on each project’s emissions intensity per year, not total
industry data. The GHOST model was further enhanced by Sleep et al. [22] by including
mining and upgrading. Gates and Larter [11] examined the energy efficiency and emissions
intensity of SAGD: their results suggested the theoretical steam-to-oil ratio that could be
attained is ~0.7 m3 steam (expressed as cold-water equivalent) per m? bitumen produced,
and that a few operations were moving towards this limit [11]. Pinto et al. [23] examined
the ratio of energy produced to energy injected in SAGD. They found that early-stage oper-
ations have long term impacts on the efficiency of well’s recovery ratio and thus its GHG
emissions. A study by IHS Markit [4] analyzed historical emission intensity of oil sands
production from 2009-2017 for mining and in-situ operations. For SAGD, their analysis
revealed an improvement of 24% of SAGD emission intensity from 2009-2017 considering
only direct emissions—this directly contrasts with results of Charpentier et al. [20] and
Orellana et al. [21]. In addition, IHS Markit [4] projected a reduction of 17-27% of GHG
emissions intensity by 2030, considering the adoption of commercial and near commercial
technologies related to well productivity, steam generation efficiency, and cogeneration.
Although the IHS Markit [4] study results appear favourable, given the difference of other
analyses (e.g., Charpentier et al. [20]; Orellana et al. [21]), the evolution and future of SAGD
GHG intensity is still unclear.

Many analyses of SAGD GHG intensity focus on technologies to achieve lower GHG
emissions, including the addition of solvents, electric submersible pumps, new well comple-
tion designs, new methods to characterize the resource, and energy use reduction strategies
and carbon capture technologies etc. (e.g., Cheng et al. [24]; Charpentier et al. [20]; Ni-
mana et al. [12]; Austin-Adigio and Gates [25]; Katta et al. [26]; Ashrafi et al. [27]). These
changes have either been adopted or are being evaluated by industry. However, slow
adoption has been an issue in the oil sands industry with respect to new technology [28].
At this point, it remains unclear what factors hinder technologies from being deployed
at the pace that is required to make the oil sands industry sustainable. This is likely due
to factors considered in decision-making within companies, including risks of technology
working at scale (often technology is developed in labs at small scale, but the need for it to
operate at massive scale leads to other unknown risks), costs of testing and implementation
(a field experiment often costs tens of millions of dollars), regulatory requirements (it could
take years to get approval from the regulatory authority to construct and operate the pilot
to test the technology incurring both cost and competitiveness issues), and policy (what
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are the true benefits that motivate testing and adoption of the technology if policy does
not reinforce it?). Proposing technical solutions are only one part of the picture to achieve
cleaner more efficient SAGD operations. Investigating the different factors that affect
technology adoption is needed to help accelerate improvements of the GHG performance
in SAGD industry moving it towards sustainability.

The analysis of GHG emission intensity of SAGD operations in Canada is not new.
However, here, we focus on the following two gaps: (1) the murkiness of the evolution
of environmental GHG performance of SAGD industry given the different environmental
performance results in previous studies; and (2) the exclusion of factors that affect the
adoption of cleaner technological changes in decision-making of SAGD industry, focusing
on technical improvements to reduce SAGD’s GHG emissions. Three different emission
intensity cases integrating factors that affect technology deployment are examined. A table
summary (Table S1 in Supplementary Material) comparing some examples of previous
studies’ purpose, focus, and gaps with the current study’s purpose and focus presented in
the Supplementary Material. The novelty of the analysis presented here is on the historical
evolution and future of SAGD GHG intensity in Canada, considering for the first time three
different cases of calculation of emissions intensity: (1) excluding electricity exported from
cogeneration to the grid; (2) including electricity exported from cogeneration with no credit
assigned; (3) and including electricity exported obtained from cogeneration with credit
assigned, and examining factors affecting accelerated technology deployment.

2. Materials and Methods
2.1. Data Collection

The historical GHG emissions intensity analysis and data collection for SAGD industry
is conducted in this study for the period of 1999 to 2018. The analysis is focused only on
bitumen extraction using SAGD. Subsequent processing of produced bitumen, e.g., dilution
and upgrading, is not included in this study. Publicly available data was used whenever
possible in conducting the analysis. Bitumen production and steam injection data for
all SAGD operations per month were collected from Alberta Energy Regulator’s (AER)
Statistical reports “ST53: Alberta In Situ Oil Sands Production Summary” from 1999 to
2018. Under the province of Alberta’s Responsible Energy Development Act, all in situ oil
sands project operators are required to report their monthly production and steam injection
data [29]. The data collected from each individual operator’s ST53 reports for bitumen
production and steam injection were summed to determine the total bitumen production
and steam injection per year. Table S2 (Supplementary Material) lists the SAGD projects
considered in this study. Operating parameters, such as boiler efficiency and cogeneration
heat recovery rate, summarized in Table S3 (Supplementary Material), were collected from
previous studies.

The cogeneration capacity for SAGD operations which have cogeneration facilities was
obtained from public data sources (industry annual reports and websites). In addition, data
for heat derived from cogeneration was obtained from Alberta’s Specified Gas Emitters
Regulation (SGER) database, which lists the total heat available from SAGD facilities with
cogeneration regulated under SGER from 2009-2017. From this data, the average heat
from cogeneration was calculated for each year per MWh, assuming a 90% load factor [4].
To fill the gap in average heat data availability for remaining years in the analysis, some
assumptions have to be made. The 2017 average heat of 7.5 G]/MWh for 2018 was used.
The same trend of the change of average heat per MWh calculated from 2009-2017 was
used to fill in data gaps from 1999-2008. For electricity consumption, data from the Alberta
SGER database was used, as calculated by IHS Markit [4], which gives a value of electrical
intensity of 9.7 kWh per bbl bitumen. This value was checked with other values in literature
and was found within the range of electricity consumption published.
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2.2. Process Calculations

Figure 1 presents the flow diagram of material and energy flows with emissions
categories considered in this study. The total steam demand for SAGD operations in each
year is met by a combination of boiler (largely, once through steam generators or heat
recovery steam generators) and cogeneration (if installed). The installed cogeneration
capacity per year along with the average heat derived per MWh was used to calculate the
total heat generated by SAGD cogeneration operations annually. From this amount, the
steam delivered from installed cogeneration is calculated. The remaining amount of steam
is considered delivered from boilers.
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Figure 1. Schematic flow diagram presenting the research methodology followed in the study
with GHG emissions categories. (Abbreviations: Sb_ind_em: steam boiler indirect emissions;
Sb_d_em: Steam boiler direct emissions; Scg_d_em: steam cogeneration direct emissions; Scg_ind_em:
steam cogeneration indirect emissions; El_cg_ind_em: electricity cogeneration indirect emissions;
el_cg_tot_em: electricity cogeneration total emissions; el_cg_d_em: electricity cogeneration direct
emissions; el_cg_ex_em: electricity cogeneration exported emissions; el_grid_em: electricity from the
grid emissions; Direct flar. and fug. Emissions: direct flaring and fugitive emissions).

The natural gas consumed by SAGD operations annually using boiler and cogeneration
units is calculated by using the standard energy of reaction for methane combustion
integrating unit efficiencies [11,30].

The GHG emissions associated with SAGD are divided into eight categories:

1.  Steam boiler direct emissions: direct emissions associated with combustion of natural
gas to produce steam using boiler;

2. Steam boiler indirect emissions: indirect (upstream) emissions associated with pro-
duction of natural gas that is used to produce steam in boiler;

3.  Steam cogeneration direct emissions: direct emissions associated with combustion of
natural gas to produce steam using cogeneration;

4.  Steam cogeneration indirect emissions: indirect (upstream) emissions associated with
production of natural gas that will be used to produce steam using cogeneration;

5. Electricity grid emissions: upstream emissions associated with electricity from grid
production used in steam production;
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6.  Electricity cogeneration direct emissions: direct emissions associated with production
of electricity using cogeneration installed in SAGD facilities;

7. Electricity cogeneration indirect emissions: indirect (upstream) emissions associated
with production of natural gas that will be used to produce electricity using cogenera-
tion installed in SAGD facilities;

8.  Flaring and fugitive emissions: direct flaring and fugitive emissions associated with
operations of production of crude bitumen.

Emissions are calculated based on the amounts of fuel consumed and their direct
and indirect emissions factors (summarized in Table S4, Supplementary Material). Flaring
and fugitive emissions are based on data collected from Alberta’s SGER database, and
converted to a production intensity value of 0.42 kgCO,e/bbl of bitumen. This is consistent
with the value calculated by IHS Markit [4].

For electricity direct and indirect emissions, the displacement allocation method was
used to calculate the amount of natural gas used to generate electricity [30]. In the case of
cogeneration, the SGER provides credits for facilities that cogenerate a surplus amount of
electricity that is exported to the grid. One case in our calculations was considered using the
electricity emissions factor for cogeneration compliance adjustment as per the Government
of Alberta [31]. Calculation details are described in the Supplementary Material.

3. Results
3.1. GHG Emission Intensity

The three cases examined for GHG emissions intensity for SAGD are as follows:

Case 1: This case excludes electricity exported (from cogeneration) to the grid.

Case 2: This case includes electricity exported from cogeneration with no credit
assigned following the SGER.

Case 3: This case includes electricity exported obtained from cogeneration with credit
assigned following the SGER.

3.1.1. Case 1

Figure 2 presents the annual historical total GHG emissions intensity results for
SAGD from 1999 to 2018. The range is from 72 to 105 kgCO,e/bbl. The results show the
different contributions of process components to total GHG emissions intensity. Natural gas
combustion direct emissions from boiler and cogeneration are responsible for the largest
amount (~75%) of total GHG emissions intensity followed by the indirect natural gas
combustion emissions and electricity grid emissions. Looking at only direct GHG emissions
intensity, the range is from 54 to 83 kgCO,e/bbl, where the combustion of natural gas is
the main contributor. Note that direct and indirect emissions of electricity produced in
this case are those associated with bitumen production, excluding the exported electricity
(which is accounted for in the second case). Cumulatively for all SAGD operations, the
GHG emissions intensity has dropped by 15.5% from 2007 to 2018; 2007 is the year where
more than half of current SAGD projects are in operation, therefore this year is used for
comparison purposes in this paper. For direct emissions, the reduction of GHG emissions
intensity is 14.6% over the same period.

3.1.2. Case 2

In this case, all electricity produced from cogeneration is accounted for, including those
exported to the grid. The range of total GHG emissions intensity in this case, displayed
in Figure 3, is between 72.5 and 129 kgCO,e/bbl. By accounting for emissions of total
electricity produced from cogeneration, the emissions intensity is greater than Case 1.
However, the reduction of emissions intensity is higher compared to Case 1 results. This
is due to the lower increase over time of electricity production and consequent electricity
production emissions (as in Case 2), compared to the rate of increase of electricity produced
and used in bitumen production (as in Case 1). In this case, SAGD operations achieved
a reduction of GHG emissions intensity of 24% from 2007 to 2018. This is in agreement
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with the results of the his Markit study [4]. The direct emissions intensity of electricity from
cogeneration reduced by ~63% from 2007 to 2018.

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

m Flaring and fugitives

mElectricity cogeneration indirect emissions (used for bitumen production)

m Electricity cogeneration direct emissions (used for bitumen production)  m Electrical grid emissions

Steam cogeneration indirect emissions m Steam cogeneration direct emissions

m Steam boiler indirect emissions m Steam boiler direct emissions

Figure 2. Case 1 —GHG emissions intensity of SAGD operations per year (with electricity produced
and used for bitumen production and no electricity credit).

3.1.3. Case 3

In this case, the results of total GHG emissions intensity of the SAGD operations along
with the electricity credit accounted for as per the SGER is presented in Figure 4. Following
the SGER guidelines, surplus electricity exported to the grid is assigned a credit leading to a
reduction of the emissions intensity. However, this credit falls over time as seen in Figure 3
(by ~63% 2007-2018). This is due to the reduction in electrical generation capacity per unit
volume bitumen produced. This reduction of the electrical power export credit intensity
(from 0.06 MWh/bbl in 2007 to 0.02 MWh /bbl in 2018) offsets reductions in steam emissions
from boiler and cogeneration, which made the total emissions intensity in this case flatter
than that of the Cases 1 and 2. This confirms the results hisIHS Markit study [4]; in 2009
to 2017, cogeneration decreased due to price collapse causing cogeneration operations to
tighten their capacity to meet steam demand only. This is also associated with lowering the
steam-to-oil ratio (SOR). Based on the results in Figure 4, the GHG emissions intensity of
SAGD, taking into account the electricity credit, ranges from 61.84 to 104 kgCO,e/bbl. It
fell by 1.4% from 2007 to 2018 (81.34 to 80.23 kgCO,e/bbl).

The results show that exporting electricity production through cogeneration to the
grid reduces the overall emissions intensity of SAGD as shown in Case 2. However, when
considering existing crediting policies that incentivize excess electricity export to the grid,
the emissions credit is not high enough to incentivize expansion of cogeneration capacity
per bbl bitumen. This has led to the reduction of an emissions credit that offsets the
reductions of emissions from boilers and cogeneration and thus, led the total emissions
intensity in this case being relatively flat (Case 3). Therefore, cogeneration-based electricity
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production can reduce SAGD emissions intensity, but a rewarding policy incentive with
appropriate emissions credit to incentivize more cogeneration is needed.

Table S5 in Supplementary Material presents some summary of the results in Case 1, 2
and 3.

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

m Steam boiler direct emissions = Steam boiler indirect emissions

m Steam cogeneration direct emissions Steam cogeneration indirect emissions

m Electrical grid emissions m Electricity cogeneration direct emissions
m Electricity cogeneration indirect emissions m Flaring and fugitives

Figure 3. Case 2—GHG emissions intensity of SAGD operations per year (with total electricity
produced and no electricity credit).

3.2. GHG Emissions Intensity and Steam-to-Oil Ratio

Figure 5 presents the GHG emissions intensity of the SAGD operations by year (from
1999 to 2018) and cumulative steam-to-oil ratio (cSOR, steam expressed as cold-water
equivalent) from Case 1. As shown in previous studies (e.g., Gates and Larter [11]), there
is a direct relationship between ¢cSOR and GHG emission intensity: the larger the cSOR,
the greater the GHG emissions intensity. For all operations, the cSOR ranges from 2.10 to
3.21 m3/m? reaching its peak in 2007, with an emissions intensity of 105.07 kgCO,e /bbl.
This increase of cSOR and emission intensity in 2007 was caused by the start-up of new
SAGD projects where steam was injected with relatively low oil produced, which occurs
during the SAGD circulation phase. After circulation, the cSOR drops since greater volumes
of oil are produced from the reservoir. In Case 1, the emission intensity from 2007 to 2018
dropped by 15% (105.07 kgCO»e/bbl in 2007 to 89.38 kgCO,e/bbl in 2018) and 15% in
¢SOR (3.21 in 2007 to 2.75 in 2018). The results are the same in terms of direct relationship
between c¢SOR and emissions intensity in Cases 2 and 3.

The same analysis was conducted without the first-year operation of SAGD projects
(in other words, eliminating the circulation phase). The results, shown in Figure S1
(Supplementary Material), reveal that the large increase in emission intensity and ¢SOR in
2007 seen in Figure 5 has been reduced: this implies that the big jump of emission intensity
and c¢SOR in 2007, shown in Figure 5, was caused by new project start-up. When the first
year of operation of these new SAGD projects is removed, there is no big jump of emission
intensity, rather a stabilisation, a reduction, or small increase of the emission intensity
profile occurs.
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Figure 4. Case 3—GHG emissions intensity of SAGD operations per year (with electricity credit).
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Figure 5. GHG emissions intensity and cSOR per year for SAGD operations from 1999-2018 (from
Case 1).

The comparison of results between emission intensity from Case 1 and the seven
biggest SAGD projects (responsible for ~76% of total bitumen production in 2018), presented
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in Figure 52 (Supplementary Material), reveals that, starting from 2002, the emission
intensity from the seven largest operations is lower than the overall industry results. This
shows that smaller or new SAGD projects are pushing the emission intensity higher.

3.3. Sensitivity Analysis

An analysis of the sensitivity of steam enthalpy (quality), feedwater enthalpy, electric-
ity consumption, and electricity credit on emission intensity is conducted. A 43% increase
of steam pressure to 10 MPa results in a very small effect on total emissions intensity. It
reduces steam enthalpy and thus fuel consumption, lowering the emission intensity by
1.5-2% (Cases 1-3). A reduction of 28.5% to 5 MPa results in an increase of 0.6-1% of
emission intensity (Cases 1-3). Thus, this sensitivity is small.

A reduction of 41% of the feedwater temperature to 100 °C also results in small increase
of 0.04-0.07% in emission intensity (Cases 1-3), whereas an increase of 17.6% to 200 °C
leads to a reduction of 0.02-0.04% in emission intensity (Cases 1-3). Thus, this sensitivity
is small.

For electricity consumption, the electrical intensity was raised to 15 and 30 kWh/bbl,
which are in ranges found in the literature: 7-30 kWh/bbl [32] and 8.7-39 kWh/bbl [21].
With 15 kWh/bbl bitumen, the emission intensity rises by 3.4-6% in Case 1 due to the
increase in electricity grid emissions per bbl and electricity production emissions used for
bitumen per bbl. For Case 2, the increase of emission intensity is between 2—-6% due to
the increase in electricity grid emissions only. For Case 3, the electricity credit reduces
by 0.5-1.5%, but still the increase in electrical grid emissions and electricity production
emissions used for bitumen results in an overall increase of emission intensity by 4-7%.
However, the overall emissions intensity reductions are the same 15%, 24%, and 1.4% for
Cases 1, 2, and 3, respectively. With electricity consumption of 30 kWh/bbl bitumen, the
emission intensity increased 12-20% in Case 1, 5-20% in Case 2, and 14-20% in Case 3. This
change raises emissions reductions to 17% for Case 1 and 6% for Case 3, whereas it remains
the same (24%) for Case 2.

For electricity credit, the electricity credit of SAGD using the electricity displacement
factors set up by the Government of Alberta for offset projects that result in a decrease
of grid electricity usage was calculated [12,33,34]. This change increased the amount
of electricity credit provided for facilities that cogenerate a surplus amount of electric-
ity that is exported to the grid. This reduced the emission intensity for SAGD (44.5 to
104 kgCO,e/bbl). However, the reduction of the credit over time is the same at ~63% from
2007 to 2018, which offsets reductions of natural gas combustion emissions.

In summary, the sensitivity analysis reveals that none of the changes examined pro-
vides significant impacts on the results of this study.

3.4. Comparison of Results

Table 1 compares the emission intensity results from this study with that of the
previous published literature. The comparisons show that the results are all consistent. In
addition, this study’s emission intensities were compared to emissions values reported
by SAGD facilities to the GHG reporting program in Alberta in 2016 and 2017 [35]. The
average total direct GHG emissions intensity for those SAGD facilities was calculated as
65 and 67 kgCOye/bbl bitumen for 2016 and 2017, respectively. This compares well to the
total direct GHG emission intensity for the SAGD industry calculated in this study, which
is equal to 60 kgCO,e/bbl bitumen (Case 3 with cogeneration and emissions credit).
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Table 1. Comparison of this study’s results with those of previous literature.
This Study This Study This Study  Charpentier Nimana IHS Markit Orellana (R(;l;le?l;(el d GREET (igi(l;mf:lilals Jacobs [16]
(Case 1) (Case 2) (Case 3) et al. [20] et al. [12] Study [4] etal. [21] et al. [36]) [18] etal. [12])
C ati 61-94 38-162 ¢
opener en 85-101 143211 30-50° (following  (following - - 55 - - 141
case Case 1) d Case 3)
No 65-110 60.6-220
cogener-ation 72-106 72-106 72-106 (following (following - - 68 91h 1020 85
case Case1)d Case 3) ©
91 average
72-106 o
. 75-80.5 71.5-785 emissions
— a — - - - -
Overall industry (1999 2013) 72-129.4 (2009-2017) (2009-2017) intensity
Average is 94

(1999-2013) &

2 This study’s results 1999-2013 and averaged to compare to Orellana et al. [21]. ® This study’s results with a credit emissions factor of 650 kgCO,e/bbl to compare to Nimana et al. [12].
¢ This study’s results 2009-2017 with a credit emission factor of 418 kgCO,e/bbl to compare to THS Markit [4]. 4 Emissions calculated based on confidential data collected from a
particular set of projects. ¢ Emissions calculated based on energy input data calculated in the model developed in this study. f Values reported converted to bbl bitumen—emissions
calculated based on public data from 2009-2017. & Cumulative industry wide average GHG emissions intensity for projects producing >10,000 bbls/day) 1999-2013. h GREET and
GHGenius do not account for cogeneration in the default fuel input (Nimana et al. [12]). ' Jacobs study reports lower emissions in cogeneration case due to their use of 80% coal-based

grid electricity for assigning credits for electricity exports. Emissions calculated based on energy consumption values specified (Orellana et al. [21]).
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4. Discussion

The results presented in Section 3 show a reduction of 1.4-24% of emissions intensity
of SAGD operations over the past 12 years with up to 15% improvement of cSOR. This
improvement in emissions intensity performance and ¢SOR with time is also the case of
the largest SAGD projects.

4.1. Factors Affecting SAGD Historical Performance

In general, the oil sands industry has undergone several technological development
periods over the past 20 years. Gates and Wang [3] analyzed the evolution of in situ oil
sands recovery technology by examining over 250 patents with respect to well designs
and injectants. They concluded that new changes adopted by industry for in situ oil sands
recovery processes are those that were relatively simple that built on existing functioning
technologies. Their observation was that complex modifications presented in patents were
not often adopted. A more recent study by IHS Markit [4] is consistent with Gates and
Wang [3] observations; they found that SAGD operations have applied incremental rela-
tively simple changes such as improving monitoring and well placement and maintenance
for managing outages. Incremental evolution of technology is largely linked to political,
environmental, and socio-economic factors and risks. These factors can be linked to the
joint issues of fear of failure and the existence of a tangible path to deployment, as reported
by Bunio and Gates [37].

Environmental and political factors depend on availability of different options that
comply with environmental regulations and the cost of compliance achieved by a tech-
nological change that reduces environmental impact relative to the cost of using other
compliance options. For example, the SGER that regulated large GHG emitters in Alberta
from 2007 to 2017 provided three options of compliance in addition to the reduction in
GHG emissions through a technological change. Hannouf and Assefa [38] showed that the
SGER did not provide economic incentives for companies motivating lower GHG emissions
via technological changes given the lower costs of compliance by other available options.
Another example of not providing an appropriate policy incentive is the emissions credit
provided for SAGD facilities that cogenerate electricity to the grid. As shown in Cases 1-3,
this credit was not high enough to incentivize SAGD facilities to increase cogeneration
capacity (that can reduce emissions intensity of SAGD).

Economic factors involve cost and risk of economic loss of adopting the new change
(including capital and operating costs and cost of training or hiring if new skills needed)
and potential commercial return gained based on the price of final products or materials
used in the process and availability of supply/demand.

Social factors involve the level of complexity of change and risk and fear of failure, as
the industry in general historically has adopted relatively simple technological changes [3].
In addition, the risk associated with change in terms of health and safety risk on workers
or community (e.g., creating health problems for indigenous communities or surrounding
communities). Moreover, the impact of the proposed change on the social image of the
company given social pressure on companies from different stakeholder groups such as
environmental groups and associations, local communities, or investment groups.

4.2. Role of Policy-Makers: Insights to Accelerate Improvements of SAGD GHG Performance

Policy intervention is considered an effective strategy to cause change leading to
improvement of oil sands recovery process environmental performance. Therefore, despite
the combination of environmental, and socio-economic factors that are involved in the
historical process of choosing technological changes in SAGD operations, policymakers
can play a major role to affect these factors as well as faster decision making and adoption
of changes. Policy interventions can encourage and push SAGD operators and technology
developers to accelerate adoption of new viable technologies.

As environmental regulation compliance is a key factor when choosing new technolog-
ical options, policymakers must consider the efficiency of economic incentives that promote
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adoption of new technologies that reduce environmental impacts. For example, re-thinking
the efficacy of the carbon tax and its consequent reactions from industry with respect to
change may be linked to a threshold value that makes adoption of technological changes
competitive [38]. Additionally, re-thinking an appropriate policy incentive with appropriate
emissions credit that incentivizes the increase in cogeneration capacity is needed.

As technology complexity is a key factor for its deployment, developers need to con-
sider this when creating new solutions. Simplicity can be hard to achieve in some cases,
but technology developers must communicate with the oil sands industry at the early
stages of development to explain and discuss how new technologies fit into the existing
supply and value chains. This can simplify the understanding needed by industry and
remove/reduce any fear of failure that would delay adoption of new technologies [37].
Adoption of new SAGD technologies is also constrained by social risks that arise in the
early development stage. Therefore, decision-makers in SAGD operating companies need
to collaborate further with technology developers to ensure that these factors are well
considered and managed. To encourage this early communication and collaboration on
barriers of technology adoption and development of effective technologies, policymakers
can encourage more collaboration between oil sands industry and technology developers:
one role might be to de-risk the costs of testing new technologies or by operating collabora-
tive platforms or by funding these collaborations. However, competition may also play a
role in stimulating progress.

Technology developers must consider the economic costs, commercial return, and
social impact of technological changes in the development process. Economic aspects
are normally considered when assessing new technological changes. However, when it
comes to social risk, it is rarely considered despite the major role social aspects play in
the successful implementation of technologies [39]. Policy-intervention associated with
environmental aspects can be combined with economic and social aspects by requiring or
incentivizing technology developers to consider economic costs, commercial return, and
social impact of technological changes as important factors in the development process.

4.3. Projections for Future Performance of SAGD

If SAGD operations continue their reduction of GHG emissions intensity trajectory
as in the past 12 years (2007-2018), a further reduction is expected between 6.5% and 24%
(Case 1) and 8% and 40% (Case 2) by 2030, depending on how past performance is modeled
(e.g., linear, exponential). Figure 6 presents an example for a linear projection model of the
past performance with an outlook of SAGD GHG emissions intensity for 2019-2030 for
Cases 1 and 2. Case 3 is not considered, since its trend is nearly flat.

With business-as-usual (continuing on the same performance trend as historical perfor-
mance improvements), SAGD GHG emissions intensity could reach 68 and 58 kgCO,e/bbl
for Cases 1 and 2, respectively, by 2030. This would make SAGD emission intensity nearer
the current average conventional crude oil emission intensity of 45 kgCO,e/bbl crude oil
(from GHGenius, NRC [19]). There is a lot of variability in the emissions intensity results
of conventional crude oil, where other values between 20 and 34 kgCO,e/bbl crude oil
exist [8,9,18,36,40]. According to Englander et al. [41], this variability is due to different
parameters such as flare rate, water-oil ratio, operation practices, and different types of
crudes. Since Canadian conventional light crude is the one modeled by GHGenius and
based on updated data [20], using the GHGenius value for conventional crude oil in this
study is appropriate. The projected values in 2030 are still above the current average
conventional crude oil emission intensity level (from all sources), which strongly suggests
that the SAGD industry needs to accelerate the reduction of emission intensity beyond the
historical trend.
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Figure 6. GHG emissions intensity of SAGD operations: historical and outlook (2007-2030) with an
example of linear modeling of past performance for Cases 1 and 2.

5. Conclusions

The literature abounds with concerns of the environmental impact of SAGD, but
its evolution of environmental performance remains unclear, given the differences of
results from previous studies. In addition, the focus of previous studies was limited to
proposing technological changes to improve SAGD GHG performance, which is only
part of the solution, avoiding the discussion of factors affecting slow adoption of these
cleaner technologies. This work is the first study to analyse SAGD GHG performance
focusing on factors affecting accelerated technology deployment. In this study, a detailed
analysis of the historical GHG emissions intensity of SAGD industry since 1999 to 2018
is provided. For the first time, the analysis considered three different cases of calculation
of emissions intensity of SAGD industry to investigate the impact of specific factors on
emissions reductions. The results show a reduction of 1.4 to 24% of SAGD emissions
intensity over the 12-year time period from 2007 to 2018. This improvement was associated
with a reduction of up to 15% in the steam-to-oil ratio during the same period. The
results show that electricity production through cogeneration can reduce the emissions
intensity of SAGD; this implies that a policy incentive with appropriate emissions credit
that incentivizes more cogeneration capacity is needed. Historically, the emission intensity
improvement of the SAGD industry was associated with incremental and relatively simple
technological improvements. A starting discussion of environmental, political, and socio-
economic factors affecting companies’ decision-making when adopting new technologies is
conducted in this study. These factors include cost of technological change, risk and fear of
failure, the potential benefit, economic incentive, and GHG policy that promotes testing and
adoption of new technologies. Based on these factors, policy interventions are proposed
to accelerate SAGD operators to adopt new technologies that result in lower emissions.
Policy interventions accounting for the political, environmental, and socio-economic factors
that impact the decision-making of adopting technological changes that can further reduce
GHG emissions by SAGD operations need to be developed with the aim of accelerating
future emissions reductions. Such interventions have the potential to encourage actions
from SAGD operators and technology developers to enable better decision-making on
changes that can lead to an improved performance in SAGD. For example, providing policy
incentives such as allocating appropriate credits to increase cogeneration capacity in SAGD
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in the future to rise emissions intensity reductions in the industry to reach values closer
to conventional oil emissions or even better. However, if future SAGD emission intensity
reduction follows the same trend as the 12 years analyzed, a 6.5 to 40% reduction in GHG
emissions intensity by 2030 is expected, depending on how past performance is modeled
leading to an intensity between 58 and 68 kgCO,e/bbl.

The discussion of the socio-economic and environmental factors affecting technology
adoption is conducted in this study in a qualitative way, as the main purpose is to initiate
this discussion around the importance of these factors in future paths toward accelerating
the adoption of cleaner oil sands extraction technologies. However, future research can go
beyond this qualitative analysis into a deeper quantitative discussion of the impact of these
factors on specific amounts of emissions reductions, using some examples.

Despite this, the results here are still alarming: if the current trend of emission intensity
reduction incremental improvements continues moving forward, SAGD emission intensity
will still remain above current conventional oil emission intensity by 2030—this suggests
strongly that the SAGD industry must drastically accelerate its development of cleaner
extraction technology if it is to be the cleanest barrel of oil globally. The policy insights iden-
tified here are needed to accelerate deployment of cleaner oil sands extraction technology.
This requires a reconsideration of oil sands technology development from a sustainability
point of view, with likely requirement for severe behavioral change from all stakeholders
(industry, government, universities, and small-medium technology providers).
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