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Abstract: This paper intends to develop quantitative indicators for comparative sustainability
assessment of petroleum oil pathways in the province of Alberta, Canada. Eighteen pathways of
oil production were developed in this study, and the sustainability indicators were assigned for
each pathway to cover greenhouse gas (GHG) emissions, water demand, and land use in addition
to the cost of supply. The developed sustainability indicators were aligned per functional unit and
covered the full life cycle of petroleum oil production. The developed GHG emissions, cost of supply,
and land use indicators are found in the range 17.50–226.20 kg of CO2 eq./bbl, 12.28–53.53 USD/bbl,
and 0.06–0.178 m2/bbl, respectively. Four scenarios were comparatively conducted and assessed
against the business-as-usual scenario within the period horizon 2009–2030. The cost-effective scenario
was optimized with the objective function to minimize the cost of supply based on the constraints
derived from the business-as-usual scenario. Sustainable scenarios were conducted with the lowest
possible impacts on natural resources, GHG emissions, and the cost of supply accompanied by specific
assumptions for petroleum oil production from different pathways in Alberta. The average annual
savings on water demand and land area were found to be 67 and 30%, respectively, due to the shifting
of upgrader feedstock from surface mining to the in-situ steam-assisted gravity drainage (SAGD)
pathway. The corresponding increases due to this shifting in upgrader feedstock were found to be 40
and 3% in GHG emissions and cost of supply, respectively.

Keywords: oil sands; natural resources; GHG emissions; Alberta; cost of supply

1. Introduction

The production of petroleum oil in the province of Alberta, Canada, relies on both conventional
and unconventional resources. Alberta is a hub of petroleum oil production that has income benefits to
the province and is constrained by considerable environmental challenges. The expectation for oil
sands production in Alberta is that it will account for 75% of the total Canadian crude oil production by
the end of 2035; 95% of the conventional oil produced during 2018 in Western Canada was from Alberta
and Saskatchewan provinces [1]. Alberta produced 2.9 million bbl/day from oil sands resources in 2018,
and the contribution in the total revenues in the same year was 1.13 billion Canadian dollars (CAD) and
3.18 billion CAD from conventional oil and oil sands, respectively [2]. Concern is profound among the
public, policymakers, and researchers regarding the environmental and economic impacts of petroleum
oil extraction and processing in Alberta. Environmental impacts from petroleum oil production in
Alberta on air are represented mainly by greenhouse gas (GHG) emissions [3–7], on water posed by
qualitative and quantitative amounts of water use [8–11], and on land use described by the occupation
and disturbance [12].

Alberta needs to integrate pillars of environmental, economic, and social impacts of petroleum oil
production for more sustainable extraction and utilization of natural resources. Climate, land, energy,
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and water (CLEW) were integrated in previous studies for a holistic assessment approach towards
sustainability [13,14]. Sustainability indicators and life cycle assessment (LCA) could be appropriate
tools to evaluate the comparative environmental impacts of different petroleum oil production pathways.
Sustainability indicators can harmonize the environmental impacts through standard metrics per
functional unit of oil production, and LCA can handle all the inputs to petroleum oil production with
the concept of cradle-to-grave covering the different unit operations. Different technologies used for
petroleum oil production over the complete life cycle have different impacts on natural resources, GHG
emissions, and the cost of supply. For example, oil sands can be extracted through surface mining or
in-situ recovery [15], and each technology has different environmental impacts and costs of supply due
to the variation in the techniques, energy intensity, and equipment used.

There is a gap in the earlier studies conducted for sustainable production of petroleum oil
represented by the lack of simultaneous integration of impacts on water, air, land, and cost of supply.
Jordaan [16] highlighted the gap in the implications of oil sands activities on water and land, and one
of the challenges is to quantify these impacts. Pembina Institute [15] quantified the impacts of oil sands
on water, air, and land without integration with the cost of supply, and the in-situ pathways were
presented with one set of indicators, although involving different technologies and unit operations.
The novelty of this paper is not only that it develops multidisciplinary sustainability indicators for the
comparative assessment of different pathways but has been extended further to give an exact amount
of petroleum oil production from each pathway. The optimum zone is satisfied and determined by
the constraints of natural resources, GHG emissions, and the cost of supply to face a specific level
of demand.

The key objectives of this paper are to:

• Develop sustainability indicators for petroleum oil production in Alberta to facilitate comparative
assessment between the different pathways.

• Identify the pathways for the most cost-effective scenario as a benchmark for comparison with the
business-as-usual and other sustainable scenarios.

• Determine the most sustainable scenarios under different conditions of petroleum oil production
in Alberta and to satisfy the lowest impacts on natural resources, GHG emissions, and cost of
supply, and;

• Investigate the effects of changing feedstock pathways to upgraders and refineries in Alberta on
the sustainability of these unit operations.

2. Methods

Petroleum oil production in Alberta is structured in this paper into eighteen pathways based on the
earlier developed indicators for water demand, covering water consumption and water withdrawals
coefficients [17,18]. Pathways are selected based on the unit operations of unconventional and
conventional oil production in Alberta. The extraction of oil sands as unconventional resources in
Alberta is through surface mining and in-situ recovery. In-situ recovery is done through the three
pathways of steam-assisted gravity drainage (SAGD), cyclic steam stimulation (CSS), and primary
recovery. Upgrading of oil sands and refining are added to the unit operations determining the eighteen
pathways in this study. This earlier frame of pathways is in line with the newly added indicators to
integrate water, air, land, and cost of supply (COS) for better sustainability decisions. The sustainability
indicators were gathered from the literature and developed per barrel (bbl) of oil produced after
harmonizing for each pathway. Water demand indicators are composed of water consumption,
and water withdrawals expressed in cubic meters per barrel (m3/bbl), while a quantitative indicator of
impacts on air is expressed as the amount of equivalent CO2 emitted per functional unit (kg of CO2

eq./bbl). The area of land indicator is presented per barrel of oil produced (m2/bbl), and the cost of
supply (USD/bbl) is added in this paper as a useful economic indicator for the sustainability assessment.

The business-as-usual scenario was developed based on the existing and forecasted petroleum oil
production in Alberta to cover the period 2009–2030. An optimization model used for the sustainability
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of power generation in Alberta was modified in this paper to address the pathways of petroleum oil
production in the same province. Further details of the optimization model are presented in an earlier
study conducted by the author [19].

Four scenarios were run in the current research through the optimization model to evaluate the
impact of different unit operations on the natural resources used (water and land), GHG emissions,
and COS. The cost-effective scenario was conducted with the main focus on the COS to optimize the
business-as-usual scenario. Three sustainable scenarios were conducted based on the use of minimum
natural resources and the lowest possible GHG emissions in Alberta with three different assumptions
for the combination of petroleum oil production pathways. The sensitivity analysis conducted to
investigate the impacts on the natural resources, GHG emissions, and COS in Alberta was based on
the assumption that the extraction recovery of the feedstocks to upgraders and refineries was shifted
from the surface mining pathway to the in-situ-SAGD pathway. This assumption is in line with the
fact that more than 80% of the bitumen reserves in Alberta are recoverable by in-situ operations [12].

3. Input Data and Assumptions

3.1. Sustainability Indicators

The sustainability indicators were developed to cover the complete life cycle of extraction,
upgrading, and refining unit operations, as shown in Table 1. The GHG emissions indicators for
petroleum oil production in Alberta were based on a previous report and compared the GHG emissions
from oil sands and European oil supply pathways [20]. The developed GHG emissions indicators were
verified from the literature [21–23].

Land use indicators were adapted from a study which compared GHG emissions related to direct
land use from conventional oil and oil sands production in California and Alberta, respectively [24].

The cost of supply was derived from the literature covering the unit operations of petroleum oil
production pathways in Alberta [25–29]. All costs were updated to the USD value of 2014. The cost
of supply shown in Table 1 includes operating cost and capital cost for each unit operation at the
plant gate.

Table 1. Input data for greenhouse gas (GHG) emissions, land use, and cost of supply (COS) 1 indicators.

Technology Extraction Upgrading Refining

GHG
Emissions
(kg of CO2

eq./bbl)

Land
Use

(m2/bbl)

Cost of
Supply

(USD/bbl)

GHG
Emissions
(kg of CO2
eq./bbl) 2

Land
Use

(m2/bbl)

Cost of
Supply

(USD/bbl) 3

GHG
Emissions
(kg of CO2
eq./bbl) 4

Land Use
(m2/bbl)5

Cost of
Supply

(USD/bbl) 6

Oil sands-Surface mining 33 0.087 8 17.2 11 56.1 0.002 17.21 87.1 0.002 16.39
Oil sands-In-situ-SAGD 69 0.060 9 18.12 12 56.1 0.002 17.21 87.1 0.002 16.39

Oil sands-In-situ-CSS 83 0.060 9 19.93 13 56.1 0.002 17.21 87.1 0.002 16.39
Oil sands-In-situ-Primary 17.5 7 0.060 9 15.18 14 56.1 0.002 17.21 53.1 7 0.002 16.39

Conventional oil 17.5 7 0.176 10 12.28 15 0.0 0.000 0.00 53.1 7 0.002 16.39

1 All costs in this study were harmonized at the 2014 average exchange rate of 0.906 USD/CAD [26]. 2 Crude
transport of 9.1 kg of CO2 eq./bbl was added to the upgrading unit operation [20]. 3 Based on the average value
with a range of 16.30–18.12 USD/bbl [25]. 4 Refined product distribution of 2.1 kg of CO2 eq./bbl was added to
the refining unit operation [20]. 5 Refining is assumed with the same land use indicator for upgrading, with the
units converted from m2/m3 SCO as in [24] to m2/bbl. 6 The operating cost for the refining is taken as 7.70 USD/bbl
based on the average from Cenovus costs in 2014 [27] with a range of 7.25–8.15 USD/bbl, and the capital cost is
taken as 8.69 USD/bbl based on the average value for the refineries in Alberta [28,29]. 7 Average was considered for
the Canadian heavy and light crudes [20]. 8 Based on the best estimate for surface mining, including upstream
natural gas mining and upgrading [24]. 9 Based on the best estimate for in-situ, including upstream natural gas
mining and upgrading [24]. 10 Based on the area disturbed and the associated oil produced in the historical impacts
of supporting information Table S2 [24]. 11 Based on the average value with a range of 16.30–18.12 USD/bbl [25].
12 Based on the average value with a range of 16.30–19.93 USD/bbl [25]. 13 Based on the average value with a
range of 18.12–21.74 USD/bbl [25]. 14 Based on the average value for cold production from Wabasca, Seal, and cold
heavy oil production with sand from Cold Lake with a range of 12.68–17.21 USD/bbl [25]. 15 Based on the weighted
average value for 13 production locations in Alberta with a range of 6.00–20.27 USD/bbl [26].
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3.2. Oil Production in Alberta

The historical, current, and some of the forecasted oil production figures in Alberta were derived
from an earlier study conducted by the author to forecast water demand for the energy sector in
Alberta [30]. The developed oil production in Alberta was verified from the yearly report conducted
by the Alberta Energy Regulator [31].

The complete oil production profile for each pathway in Alberta is shown in Figure 1 for extraction,
and Figure 2 presents upgrading and refining.

The average annual growth rate of petroleum oil extraction in Alberta is 4.8% and projected to
reach 5.2 million barrels per day in 2030. The contribution of conventional oil production to this total
will be 8% by 2030; surface mining will contribute 37% and in-situ operation 55%. Extraction through
in-situ SAGD is expected to increase at an average annual growth rate of 12%, while in-situ CSS
decreases at a rate of 0.4%, and in-situ primary decreases at a rate of 0.2%. The expected growth rate
over the entire studied period is 2.8% and 1% for upgrading and refining unit operations, respectively.
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3.3. Description of the Scenarios

The input data for the scenarios were based on the total yearly oil production for the
business-as-usual scenario and the developed sustainability indicators for Alberta pathways.

Water demand, GHG emissions, and land area based on the business-as-usual scenario, as shown
in Figure 3, were used as constraints for the optimization model and to obtain the output for the
cost-effective scenario. Figure 4 shows the details of the four conducted scenarios. Sustainable scenarios
(sustainable-one, sustainable-two, and sustainable-three) were conducted based on the minimum
natural resources to be used and the least GHG emissions in Alberta with different assumptions
for the combination of petroleum oil production pathways. The input for the sustainable scenarios
was trialed through the model in such a way as to represent the minimum possible constraints
of water, land, and GHG emissions with the associated assumption for the yearly petroleum oil
production. The sustainable-one scenario was conducted based on the minimum possible constraints
with the assumption that petroleum oil production in Alberta would be kept the same as in the
business-as-usual scenario. The sustainable-two scenario was conducted based on the same minimum
possible constraints with the assumption that the share in the total petroleum oil production in
Alberta from in-situ-primary and conventional oil pathways would be kept the same as in the
business-as-usual scenario. The sustainable-three scenario was conducted based on the same conditions
as the sustainable-two scenario with the assumption that the share of production from surface mining
would be kept the same as in the business-as-usual scenario.Resources 2020, 9, x FOR PEER REVIEW 7 of 21 
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4. Results and Discussion

4.1. Development of the Sustainability Indicators

Table 2 shows the developed sustainability indicators for eighteen pathways of petroleum oil
production in Alberta. Different unit operations with different petroleum-oil recoveries have broad
impacts on sustainability indicators. For example, energy intensity and equipment used for each
technology has a direct impact on the GHG emissions and other sustainability indicators.

The resultant range of COS and GHG emissions indicators are 12.28–53.53 USD/bbl and
17.50–226.20 kg of CO2 eq./bbl, respectively. The lower bounds for both indicators are achieved
through the extraction of crude oil through conventional recovery without refining (Pathway no. 2 in
Table 2), and the upper limits for both indicators are through the in-situ recovery of bitumen with CSS
technology after upgrading and refining (Pathway no. 15). The extraction of bitumen through in-situ
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CSS recovery produces 20% more GHG emissions than the corresponding GHG emissions through
in-situ SAGD (83 compared to 69 kg of CO2 eq./bbl). Upgrading and refining of bitumen extracted
by in-situ CSS added 173% of the GHG emissions from extraction unit operations (83 compared to
143.2 kg of CO2 eq./bbl). The average GHG emissions for the upgraded oil sands were evaluated by
Cai et al. [21] in the range of 32.94–147.42 kg of CO2 eq./bbl, which is in the reasonable range of this
study. The GHG emissions indicator of upgraded, refined, and surface-mined oil sands in Alberta
(Pathway no. 18) is estimated at 176.2 kg of CO2 eq., and the corresponding estimation from a review
conducted by Brandt [22] is in the range of 125.74–271.41 kg of CO2 eq./bbl. The unrefined conventional
oil in Alberta (Pathway no. 2) has a closer GHG emissions indicator (17.50 kg of CO2 eq./bbl) to the
lowest end of a range (22.64–137.05 kg of CO2 eq./bbl) estimated for five different conventional crude
oils in North America [23]. The wide range in the estimates of the GHG emissions for crude oil is
mainly due to the variations in the unit operations, energy used, and the extracted oil properties.

Non-upgraded in-situ SAGD (Pathway no. 1) had the lowest impacts on water demand
(0.3 bbl/bbl for water consumption and 0.33 bbl/bbl for water withdrawals) and land use (0.06 m2/bbl),
while upgraded and refined bitumen recovered through surface mining (Pathway no. 18) had the
most negative impact on water demand (4.18 bbl/bbl for water consumption and 5.15 bbl/bbl for water
withdrawals). Non-upgraded in-situ primary (Pathway no. 3) shared with Pathway no. 2 in having
the indictors of the lowest GHG emissions and water demand, besides having the lowest land use
indicator along with Pathway no. 1 and Pathway no. 4.

Table 2. Sustainable indicators for petroleum oil production pathways in Alberta.

No. Pathway
Water

Consumption
(bbl/bbl)

Water
Withdrawals

(bbl/bbl)

COS
(USD/bbl)

GHG
Emissions
(kg of CO2

eq./bbl)

Land Use
(m2/bbl)

1 In-situ-SAGD-Non-upgraded 0.30 0.33 18.12 69.0 0.060
2 Conventional crude oil-Unrefined 0.60 0.65 12.28 17.5 0.176
3 In-situ-Primary-Non-upgraded 0.60 0.65 15.18 17.5 0.060
4 In-situ-CSS-Non-upgraded 0.68 0.74 19.93 83.0 0.060
5 In-situ-SAGD-Upgraded 0.97 1.12 35.33 125.1 0.062
6 In-situ-Primary-Upgraded 1.27 1.44 32.39 73.6 0.062
7 In-situ-CSS-Upgraded 1.35 1.53 37.15 139.1 0.062

8 In-situ-SAGD-Non-upgraded-Feedstock
to refinery 1.41 2.07 34.51 156.1 0.062

9 Conventional crude oil-Refined 1.70 2.40 28.67 70.6 0.178

10 In-situ-Primary-Non-upgraded-Feedstock
to refinery 1.70 2.40 31.56 70.6 0.062

11 In-situ-CSS-Non-upgraded-Feedstock
to refinery 1.79 2.49 36.32 170.1 0.062

12 In-situ-SAGD-Upgraded-Refined 2.08 2.87 51.72 212.2 0.064
13 In-situ-Primary-Upgraded-Refined 2.37 3.19 48.78 126.7 0.064
14 Surface mining-Non-upgraded 2.41 2.62 17.21 33 0.087
15 In-situ-CSS-Upgraded-Refined 2.45 3.28 53.53 226.2 0.064
16 Surface mining-Upgraded 3.08 3.41 34.43 89.1 0.089

17
Surface
mining-Non-upgraded-Feedstock to
refinery

3.51 4.36 33.60 120.1 0.089

18 Surface mining-Upgraded-Refined 4.18 5.15 50.82 176.2 0.091

4.2. Cost-Effective Scenario

The optimized, cost-effective scenario based on the business-as-usual scenario showed that the
extraction of petroleum oil has to be carried out by conventional and in-situ primary pathways
(Pathway no. 2 and Pathway no. 3). Figure 5 shows the profile of oil production from each of the two
pathways for the cost-effective scenario. Pathway no. 2 had the lowest COS and the lowest GHG
emissions indicator among the eighteen studied pathways and was constrained by high land use
and moderate water demand indicators. Pathway no. 3 had the second-lowest COS, lowest GHG
emissions, and the lowest land use indicator. The model selected the conventional recovery (Pathway
no. 2) and in-situ primary (Pathway no. 3) pathways in the optimum zone of the cost-effective scenario
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with the coverage range of 14%–34% and 66%–86%, respectively. The average cost of supply (COSAV)
based on the entire period 2009–2030 for the cost-effective scenario is 14.51 USD/bbl, which is 14%
less than the COSAV of the business-as-usual scenario (16.82 USD/bbl) based on the same period,
excluding upgrading and refining costs. Figure 6 shows the resultant annual amounts of water and
GHG emissions and the land use for petroleum oil production in Alberta from the running of the
cost-effective scenario.

Resources 2020, 9, x FOR PEER REVIEW 10 of 21 

 

No. Pathway 
Water 

Consumption 
(bbl/bbl) 

Water 
Withdrawals 

(bbl/bbl) 

COS 
(USD/bbl) 

GHG 
Emissions 
(kg of CO2 

eq./bbl) 

Land Use 
(m2/bbl) 

18 Surface mining-Upgraded-
Refined 

4.18 5.15 50.82 176.2 0.091 

4.2. Cost-Effective Scenario 

The optimized, cost-effective scenario based on the business-as-usual scenario showed that the 
extraction of petroleum oil has to be carried out by conventional and in-situ primary pathways 
(Pathway no. 2 and Pathway no. 3). Figure 5 shows the profile of oil production from each of the two 
pathways for the cost-effective scenario. Pathway no. 2 had the lowest COS and the lowest GHG 
emissions indicator among the eighteen studied pathways and was constrained by high land use and 
moderate water demand indicators. Pathway no. 3 had the second-lowest COS, lowest GHG 
emissions, and the lowest land use indicator. The model selected the conventional recovery (Pathway 
no. 2) and in-situ primary (Pathway no. 3) pathways in the optimum zone of the cost-effective 
scenario with the coverage range of 14%–34% and 66%–86%, respectively. The average cost of supply 
(COSAV) based on the entire period 2009–2030 for the cost-effective scenario is 14.51 USD/bbl, which 
is 14% less than the COSAV of the business-as-usual scenario (16.82 USD/bbl) based on the same 
period, excluding upgrading and refining costs. Figure 6 shows the resultant annual amounts of 
water and GHG emissions and the land use for petroleum oil production in Alberta from the running 
of the cost-effective scenario. 

 

Figure 5. Profiles for petroleum oil production in Alberta for the cost-effective scenario. Figure 5. Profiles for petroleum oil production in Alberta for the cost-effective scenario.
Resources 2020, 9, x FOR PEER REVIEW 11 of 21 

 

 

Figure 6. Impacts of the cost-effective scenario on water, land, and GHG emissions in Alberta. 

4.3. Sustainable Scenarios 

The sustainable-one scenario showed that more than 99% of the petroleum-oil demand in 
Alberta has to be met by in-situ primary (Pathway no. 3). The condition to keep the land use 
constraint as minimal as possible for the sustainable-one scenario shifted most of the portion 
produced by Pathway no. 2 in the cost-effective scenario to Pathway no. 3. The COSAV of the 
sustainable-one scenario is 15.17 USD/bbl and 10% less than the COSAV of the business-as-usual 
scenario. Figure 7 shows the natural resources used and the resultant GHG emissions from running 
of sustainable-one scenario.  

 
Figure 7. Impacts of the sustainable-one scenario on water, land, and GHG emissions in Alberta. 

Figure 6. Impacts of the cost-effective scenario on water, land, and GHG emissions in Alberta.



Resources 2020, 9, 62 9 of 17

4.3. Sustainable Scenarios

The sustainable-one scenario showed that more than 99% of the petroleum-oil demand in Alberta
has to be met by in-situ primary (Pathway no. 3). The condition to keep the land use constraint as
minimal as possible for the sustainable-one scenario shifted most of the portion produced by Pathway
no. 2 in the cost-effective scenario to Pathway no. 3. The COSAV of the sustainable-one scenario is
15.17 USD/bbl and 10% less than the COSAV of the business-as-usual scenario. Figure 7 shows the
natural resources used and the resultant GHG emissions from running of sustainable-one scenario.
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The profile of optimum oil production for the sustainable-two scenario is detailed in Figure 8.
The in-situ SAGD (Pathway no. 1) and surface mining (Pathway no. 14) pathways merged into
the optimum zone of the sustainable-two scenario, in addition to the two pathways (Pathway no.
2 and Pathway no. 3) from the business as usual scenario. In-situ SAGD (Pathway no. 1), surface
mining (Pathway no. 14), conventional crude oil (Pathway no. 2), and in-situ primary (Pathway no. 3)
pathways contribute to the total production on average 58, 20, 14, and 8%, respectively. The production
trend for surface mining (Pathway no. 14) affected the water demand trend (see the drop in the
profile of surface mining from Figure 8 and the associated drop in water demand from Figure 9
after the year 2026) due to the higher water demand indicators for this pathway compared to the
other pathways involved in the optimum zone of the sustainable-two scenario. The COSAV of the
sustainable-two scenario is 16.87 USD/bbl, which is slightly higher (by 0.3%) than the COSAV of the
business-as-usual scenario.
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The profile of petroleum oil production in Alberta for the sustainable-three scenario, as shown in
Figure 10, is similar to the profile of the business-as-usual scenario except that all products from in-situ
CSS (Pathway no. 4) are shifted to the in-situ SAGD (Pathway no. 1). The petroleum oil production in
Alberta for sustainable-three scenario shows that in-situ SAGD (Pathway no. 1) produces a range of
24%–56% of the total production, surface mining (Pathway no. 14) produces 32%–42%, conventional oil
(Pathway no. 2) produces 7%–24%, and in-situ primary (Pathway no. 3) produces 5%–11%. Figure 11
shows the impacts of scenario three on natural resources and GHG emissions. The COSAV of the
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sustainable-three scenario is 16.71 USD/bbl, which is slightly lower (by 0.7%) than the corresponding
COSAV of the business-as-usual scenario.
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4.4. Comparative Assessment of the Scenarios

Figure 12 shows the trend of COS of the conducted scenarios. Sustainable-two scenario (its
profile is shown in Figure 8) has the highest COS trend compared to the other studied scenarios due
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to the high contribution of in-situ-SAGD (Pathway no. 1) in the total production to keep the water
demand and land at the minimum possible. In-situ-SAGD (Pathway no. 1) has the highest COS of
all pathways involved in the sustainable-two scenario and played a significant role in increasing the
resulted COS. The share of in-situ-SAGD (Pathway no. 1) in the total oil production after running
the sustainable-three scenario (24%–56%) is lower than the corresponding percentage in the case
of the sustainable-two scenario (36%–83%) which led to the reduced COS trend. Sustainable-one
and cost-effective scenarios used the same two pathways (Pathway no. 2 and Pathway no. 3) to
cover the oil demand in Alberta with different percentages of share in total production. The share of
production from conventional crude (Pathway no. 2) in the total has been reduced to less than 1%
in the sustainable-one scenario to satisfy the minimum land use constraint. The share from Pathway
no. 2 in the cost-effective scenario was higher (14%–34%) to reduce the resultant COS. Consequently,
the land area was less for sustainable-one with a higher COS trend compared to the cost-effective
scenario. The cost-effective scenario was run with the objective function for COS to be minimized,
and the resultant COS trend outperforms compared to all of the studied scenarios.Resources 2020, 9, x FOR PEER REVIEW 15 of 21 
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Figure 13 shows the lower bound, upper bound, and average values of annual water demand,
GHG emissions, and land use as well as the COSAV for the studied scenarios based on the entire period
2009–2030. Cost-effective and sustainable-one scenarios have equal lowest impacts on GHG emissions
and water demand (consumption and withdrawals). Cost-effective scenario outperforms with the
lowest cost of supply (COS), and sustainable-one scenario outperforms with the smallest land use.
Cost-effective and sustainable-one scenarios have low reliability because petroleum oil production
in Alberta cannot depend only on the low reserves of conventional oil (Pathway no. 2) and in-situ
primary (Pathway no. 3).

The sustainable-two scenario has the most negative impacts on the COS and GHG emissions with
moderate effects on water demand and land use. The sustainable-three scenario has a mild effect on
COS and GHG emissions with a negative impact on water demand. The sustainable-three scenario has
the same maximum land area required for petroleum oil production in Alberta as cost-effective and
business-as-usual scenarios.



Resources 2020, 9, 62 13 of 17
Resources 2020, 9, x FOR PEER REVIEW 16 of 21 

 

 

Figure 13. Comparative impacts of scenarios on natural resources, GHG emissions, and cost of supply 
in Alberta. 

5. Sensitivity analysis 

5.1. Effects of In-situ SAGD Pathway on Upgrading 

The feedstock of oil sands to the upgraders in Alberta is shifted from surface mining to the in-
situ SAGD recovery to study the resultant effects on the sustainability of this unit operation. The 
amount of upgraded oil sands and the difference in sustainability indicators (see Table 2) between 
surface mining (Pathway no. 16) and in-situ SAGD (Pathway no. 5) pathways play a significant role 
in determining the level of natural resources used and GHG emissions in this case. To cover the 
difference in COS between Pathway no. 5, and Pathway no. 16, an extra cost of 0.91 USD/bbl has to 
be incurred in this case. Figure 14 shows the impacts of shifting the upgrader feedstock in Alberta 
from surface mining to in-situ SAGD. Water and land would be saved in the case of in-situ-SAGD, 
and GHG emissions would always be higher than in the base case. Due to this feedstock shift and on 
an average basis, 68, 67, and 30% of water consumption, water withdrawals, and land area, 
respectively, would be saved. Against these savings in water and land use for oil sands upgrading, 
annual GHG emissions and COS would be increased on average by 40 and 3%, respectively. 

 

 

Figure 13. Comparative impacts of scenarios on natural resources, GHG emissions, and cost of supply
in Alberta.

5. Sensitivity analysis

5.1. Effects of In-situ SAGD Pathway on Upgrading

The feedstock of oil sands to the upgraders in Alberta is shifted from surface mining to the in-situ
SAGD recovery to study the resultant effects on the sustainability of this unit operation. The amount of
upgraded oil sands and the difference in sustainability indicators (see Table 2) between surface mining
(Pathway no. 16) and in-situ SAGD (Pathway no. 5) pathways play a significant role in determining
the level of natural resources used and GHG emissions in this case. To cover the difference in COS
between Pathway no. 5, and Pathway no. 16, an extra cost of 0.91 USD/bbl has to be incurred in this
case. Figure 14 shows the impacts of shifting the upgrader feedstock in Alberta from surface mining
to in-situ SAGD. Water and land would be saved in the case of in-situ-SAGD, and GHG emissions
would always be higher than in the base case. Due to this feedstock shift and on an average basis, 68,
67, and 30% of water consumption, water withdrawals, and land area, respectively, would be saved.
Against these savings in water and land use for oil sands upgrading, annual GHG emissions and COS
would be increased on average by 40 and 3%, respectively.

5.2. Effects of In-Situ SAGD Pathway on Refining

The feedstock to the refineries in Alberta comprised mainly of upgraded surface mining (Pathway
no. 18) with a range of 57%–70% of the total input, and conventional oil (Pathway no. 9) with a range
of 19%–39%. Some non-upgraded oil sands from in-situ recovery pathways are used as feedstock
to the refineries in Alberta, as detailed in Figure 15, and considered for the base case in this study.
This base case is kept with the same total amount of refined petroleum oil, and feedstock from surface
mining (Pathway no. 18) is totally replaced by the upgraded in-situ SAGD (Pathway no. 12) to
study the effects on the sustainability pillars. The average cost of supply (COSAV) is increased by 1%
(from 44.19 USD/bbl to 44.81 USD/bbl), and the average GHG emission is 17% higher (increasing from
24.8 Mt of CO2 eq./year to 28.9 Mt of CO2 eq./year). Water demand and land use are reduced by 43%
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for water consumption, 37% for water withdrawals, and 17% for land area. Figure 16 shows the details
of the impacts on water, land, and GHG emissions due to the shift in refining feedstock.Resources 2020, 9, x FOR PEER REVIEW 17 of 21 
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6. Conclusions

The extraction and processing of petroleum oil have different impacts on sustainability indicators.
Non-upgraded oil sands recovered through in-situ SAGD (Pathway no. 1) has the lowest impacts on
water demand and land use indicators compared to the eighteen developed pathways in this study,
while its GHG emissions and cost of supply (COS) are in the fourth-lowest place compared to the all
associated indicators. Recovery of crude oil through the conventional method has the lowest impact
on GHG emissions and cost of supply (COS), and upgraded refined oil sands recovered through
in-situ-CSS is at the other negative impact end of GHG emissions and COS. In-situ recovery of oil
sands outperforms on the land use indicator (0.06 m2/bbl), and refined conventional crude oil has the
greatest land use indicator of 0.178 m2/bbl.

Although the cost-effective scenario and sustainable-one scenario achieved the lowest impacts
on GHG emissions and water demand, both are associated with low reliability due to their primary
dependence on limited oil resources in Alberta. Sustainable-two scenario achieved moderate
performance on water demand and land use with the most negative impacts on COS and GHG
emissions. In contrast, sustainable-three had a modest effect on COS and GHG emissions with adverse
effects on water demand and land use.

Shifting upgrader feedstock in Alberta from surface mining to in-situ-SAGD would save water and
land accompanied by an average increase of 40 and 3% in GHG emissions and COS, respectively. Water
and land would be saved from the same replacement in refining unit operations, and the corresponding
increase in GHG emissions and COS would be 17 and 1%, respectively.
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Nomenclature

bbl barrel equal to 42 U.S liquid gallon
bbl/bbl barrel of water per barrel of oil
bbl/day barrel per day
CAD Canadian Dollar
CLEW climate, land, energy, and water
CO2 carbon dioxide
COS cost of supply for oil at the production facility gate

COSAV
average cost of supply for oil at the production facility gate based on the period
2009–2030

CSS cyclic steam stimulation
GHG greenhouse gas
kg of CO2 eq./bbl kilogram of carbon dioxide equivalent per barrel
LCA life cycle assessment
Mt of CO2 eq./year megatonne of carbon dioxide equivalent per year
m2/bbl square metre of land area per barrel of oil
SAGD steam-assisted gravity drainage
SCO synthetic crude oil
USD the United States Dollar
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