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Abstract

There is considerable focus on oil sands transportation fuel production. However, most studies
focus on greenhouse gas emissions; there is limited work on understanding the life cycle water
footprint. This study is an effort to address this gap. The main objective of this study is to
develop water demand coefficients of the complete life cycle of oil sands transportation fuel
production. Water demand coefficients include consumption and withdrawals, which were
estimated for different oil sands unit operations pathways for production in Alberta, Canada. The
pathways include three key operations, bitumen extraction, upgrading, and refining. The water
consumption coefficients for the complete life cycle range from 2.08-4.19 barrels of water (bblw)
per barrel of refined oil (bblgur) and 2.87-5.16 bblw/bblgur for water withdrawals coefficients.
The lower limit for water demand coefficients is found in refined and upgraded in situ steam
assisted gravity drainage recovery and the higher amount in refined and upgraded surface mining
recovery. A sensitivity analysis was conducted through Monte Carlo simulations to study the

uncertainty of the water demand coefficients. The water consumption coefficient for oil sands
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extraction at a 90% probability was found to be 0.34-2.8 bblw/bblg, upgrading be 0.87 bblw/bbly,

and refining to be 1.52 bblw/bblr.

Keywords: Life cycle footprint; water-energy nexus; oil sands; conventional oil; water

consumption.

1. Introduction

The demand around the world for petroleum oil as a transportation fuel is increasing. In 2014
total demand was 14.7 million m*/d (92.43 million bbl/d), in 2015 it was 14.8 million m%/d
(93.34 million bbl/d), and it is expected to reach 15.7 million m*/d (99.05 million bbl/d) by 2020
[1]. The extra-heavy oil produced in Venezuela as upgraded synthetic crude oil (SCO) [2] and
the oil sands produced in Canada as crude bitumen produce the majority of the world’s heavy oil
with total reserves of about 3000 billion bbl and a production rate of 0.35 million m%d (2.2
million bbl/d) in 2008 [3,4]. The province of Alberta in Canada is a hub of crude bitumen and in
2009 produced 0.24 million m*/d (1.5 million bbl/d) with 55% from surface mining and 45%
through in situ operations; production is expected to jump more than 2.6-fold to reach 0.64

million m*/d (4 million bbl/d) by 2024 [5].

The unit operations of oil sands including extraction, upgrading, and refining results in
greenhouse gas (GHG) emissions, which are associated with global warming. The production of
transportation fuels from the oil sands consume water and affect the quality of water, land, and
air through GHG emissions [3, 6]. Recycling, using more saline water, and developing new

technologies that use less water are some of the proposals to alleviate fresh water use in the oil



sands industry [7]. Quantitative environmental impacts of the oil sands have been assessed
through indicators that reflect the natural resources used and GHG emissions per barrel of
bitumen produced, but such assessments are few [8] and would be useful for a comparative
assessment of sustainability after being combined with the complete life cycle of transportation

fuels produced in the oil sands.

In order for oil sands energy producers to identify which unit operations are the most inefficient
in water demand and to improve the associated technology, a sustainability indicator of fresh
water used per barrel of oil produced should be considered. In 2005, the amount of fresh water
used for injection and thermal activities in the petroleum sector in Alberta, Canada, was
estimated 33.9 million m?, of which 21 million m® was from non-saline surface sources and 12.9
million m? from non-saline groundwater [9]. Although the total amount of water withdrawals for
Alberta’s petroleum sector is not higher in its absolute amount compared to other sectors, most
of the amount withdrawn is consumed and not returned back to the source. Moreover, most of the
water demand in Alberta’s oil sands is from a single river basin due to the location of the
activities. Water use in Alberta’s petroleum sector during 2005 accounted for 8% of the total
water allocations in the province, and of this 8%, 92% of the water withdrawn was used and
about 65% drawn from the Athabasca River Basin for oil sands mining [9]. Figure 1 shows the

geographical locations of oil sands production and river basins in Alberta.



There are a few qualitative analyses of water use in oil sands unit operations [10,11]. Most are
focused on bitumen recovery technologies, and the associated impact on quantitative water use to
cover a complete life cycle is not considered [12-16]. Most of the published studies on water
projections do not consider different pathways of oil sands activities that would take into account
the unit operations [9, 17,18].

Oil sands can be recovered in different ways, and the impact on water use is accordingly
different, which necessitates structuring production cycles into pathways. The recovery methods
of the in situ pathways (steam assisted gravity drainage [SAGD], cyclic steam stimulation [CSS],
and primary/EOR extraction) are incorrectly assumed in earlier studies to have the same water
consumption coefficient [8]. There is a lack of quantitative studies of water demand through a
life cycle analysis that includes detailed oil sands fuel production pathways. This study is aimed

at addressing this gap.

The key objectives of this paper are to:

e Develop life cycle water demand coefficients of oil sands-based transportation fuel
production pathways.

e Assess the impacts of new technologies on water demand over the complete life cycle of
oil sands production activities.

e Assess the impact of the water used for refining unit operations on the water demand over
the complete life cycle.

e Estimate the uncertainty in the life cycle water footprint for the production of

transportation fuels from the oil sands.



2. Scope and System Boundary

Water demand in this study refers to water consumption and water withdrawals through pre-
determined oil sands transportation fuel production pathways. Water consumption is defined as
the portion of water withdrawn that could be lost by evaporation or transpiration or consumed by
a product or human and not returned to the source [19-21]. Water withdrawals are the diverted
water, including consumed and returned amounts, and can be groundwater or surface water. Only
fresh water is considered in this study and is defined as water with total dissolved solids of less
than 4000 milligrams per litre (mg/L) [22]. The system boundaries taken for the transportation
fuel life cycle are extraction, upgrading, and refining processes. Water demand coefficients were
developed as unit volume of water (bblw) per unit volume of bitumen (bblg) during the
extraction stage, per unit volume of upgraded bitumen (bbly) during the upgrading stage, and per
unit volume of refined oil (bblr) during the refining stage. For the complete life cycle, the water
demand coefficients include all the unit operations involved from the unit volume of water per
unit volume of refined oil (bblw/bblgur). Figure 2 shows the system boundary considered in this
study. The concept of presenting water demand coefficients in the form of minimum, maximum,
and average or median values is well established in the literature on the water-energy nexus as it
relates to power generation [19,20,23-27]. Ali and Kumar [20] conducted a study on the
development of water demand coefficients for gas-fired power generation pathways based on this
methodology of taking minimum, maximum, and average values for a sensitivity analysis
through Monte Carlo simulations. Other literature studies [19, 23-26] present ranges of water
demand coefficients without conducting uncertainty analyses of the average or median values

with respect to the associated minimum and maximum values. Ou et al. [27] used Monte Carlo



simulations for uncertainty analyses of water demand coefficients for power generation
technologies based on their own judgement and the minimum, maximum, and median factors
developed by Meldrum et al. [26]. Most likely (Mol), minimum (Min), and maximum (Max)
water demand coefficients for oil sands pathways were developed in the current study and
sensitivity analyses were conducted through Monte Carlo simulations [28-31] to study the

uncertainty of the most likely coefficients taken in the analysis.

2.1 Pathway selection
Pathways were structured according to the unit operations and to match the oil sands production
profile in Canada as shown in Figure 2. Extraction in the oil sands is done through surface
mining and in situ recovery. In situ operations are further divided into three recovery methods:
steam-assisted gravity drainage (SAGD), cyclic steam stimulation (CSS), and primary/EOR [32].

Bitumen, a thick, viscous liquid, is produced through both surface and in situ mining.

Synthetic crude oil (SCO) is produced by upgrading bitumen. Upgraders in Alberta currently
receive all the bitumen produced by surface mining and some from in situ operations. In the
future, a portion of bitumen extracted through surface mining is expected to be removed from
Alberta as non-upgraded bitumen [5]. SCO is consumed as diesel and plant fuel, supplied to
refineries where it is converted to refined petroleum products (RPPs), or exported. Non-upgraded
bitumen produced mainly from in situ operations is either supplied as feedstock to upgraders,
removed from Alberta unprocessed, or used as feedstock in refineries [5, 33-36].

Water demand coefficients were developed based on data and the literature on oil sands

extraction, bitumen upgrading, and refining.



2.1.1 Oil extraction

Water use for oil sands surface mining extraction is more intensive than all in situ operations
[37]. Based on the water demand coefficients derived from the literature [38-40] in order to
extract one barrel of bitumen, it is fair to say that surface mining requires on average about five
times the amount of water required for in situ operations [41]. The mined components of the oil
sands are shovelled, crushed, mixed with warm water to form slurry, and transported by hydro
pipeline [42]. Concerns are raised about environmental impacts, especially water shortage and
stress on the Athabasca River Basin from oil sands mining operations. New technologies with
higher water recycle rates and non-aqueous extractions are examples of efforts to address the

intensive use of water in oil sands mining [12].

In situ operations are methods for oil sands extraction by drilling on site. Though the different
unit operations for in situ have lower water demand coefficients than does surface mining,
Alberta’s considerably greater in situ recovery oil production [5, 33-36] requires significant
amounts of water. The steam used in SAGD and CSS reduces the viscosity of bitumen, allowing
it to be pumped out. The demand for fresh water is reduced drastically due to the greater use of
recycled and saline water [6, 43]. The water consumption coefficient for oil sands extraction is
dynamic and has improved over time. In 1994, Gleick wrote that 3.6-9.24 bblw/bblg of water is
consumed for tar sands activities in Athabasca, Alberta, which is very high compared to current
water consumption coefficients [44]. Foster Creek, Alberta, is one of the largest SAGD projects

and one of its main objectives is to improve the water demand coefficient [45].



The main difference between CSS and SAGD is that for CSS, one well is used for both steam
injection and oil production, while two separate wells are used for SAGD [32]. Generally,
bitumen production from in situ operations is driven by high reserves and slowed by the

intensive energy required and higher cost compared to surface mining [43].

The primary technology for oil sands extraction is carried out at the first stage of production and
makes use of the natural pressure at the reservoir through the available water or gas. Secondary
and tertiary or enhanced oil recovery (EOR) are the next steps of recovery when primary
technology is no longer feasible. Alberta Energy [32] considered primary/EOR as one pathway
for oil sands extraction, and sometimes EOR is used at the start of production without primary or
secondary technologies. EOR is also one of the important unit operations for conventional crude

oil extraction [32, 46-49].

2.2.2 Oil sands upgrading

Oil sands upgrading refers to the processing of bitumen to produce SCO, which can be used as
feedstock in refineries, in Alberta plants as fuel, or exported [50-52]. Upgrading is done through
different conversion processes such as thermal (coking), catalytic, distillation, and hydro-treating
[51, 52]. The water demand for upgrading depends mainly on the method, and generally the unit
operations with the most intensive water consumption are cooling tower use, gasification,
hydrogen production, and coking [50]. In past, there have been efforts to reduce the amount of
fresh water taken from the North Saskatchewan River by using treated water for the cooling

towers [40].



The advantages of using SCO as feedstock in Alberta’s refineries are its low sulphur content and
the small amounts of heavy oil produced, and the main disadvantages are the low quality of
distillates and the huge amount of aromatics that need to be recovered [5]. In this study, water
demand for upgrading is estimated separately from extraction and refining because these
processes can be carried out in different geographical locations. For example, oil extraction uses
water from the Athabasca River Basin and upgrading the product uses water from North

Saskatchewan River Basin [40].

2.2.3 Oil refining

An oil refinery is a facility that converts crude oil or SCO to gasoline or other consumable
products such as diesel, jet fuel, asphalt, heating fuel, heavy fuel oil, butane, and propane [53].
Water is used intensively in oil refining processes. It is used in the refinery to desalt crude oil,
generate steam, heat fluids, and produce hydrogen, and is also used in cooling systems [49]. The
cooling tower in a refinery may use 50% of the total water required [37]. The amount of water
demand in a refinery depends mainly on how much water is treated and recycled.
Comprehensive research focussed on managing water through recycling and treatment is
underway to help alleviate the intensive use of fresh water in the refineries [55-58]. The
integration of oil sands upgrading with refining and petrochemical industries in Alberta has been
recommended in order to minimize the significant environmental impacts on water, land, and air

of establishing separate individual plants [50].



3. Assumptions and input data

Based on earlier estimates [9], the water consumption coefficient in this study is assumed to be
92% of the water withdrawals coefficient, except for the water demand coefficients data derived
from the earlier studies that consider the two coefficients separately [50, 54]. Input data for water
demand coefficients as shown in Table 1 were developed based on different studies, and the
values in barrel of water per barrel of bitumen for the extraction stage (bblw/bblg), barrel of
water per barrel of upgraded oil sands (bblw /bbly), and barrel of water per barrel of refined oil

sands (bblw/bblr) are used in the analysis of the results.

4. Results and discussion

Figure 3 and 4 show the water demand coefficients for the complete life cycle of oil sands
pathways including extraction, upgrading, and refining unit operations based on the most likely
values considered in this study. Comparative in situ operations in the oil sands have lower water
demand coefficients than surface mining. In situ recovery has lower water demand coefficients
due to the efficient use of steam and high recycling rates while surface mining uses hot water for
bitumen extraction. Water consumed during the extraction unit operation of surface mining
includes amounts discharged to the tailing ponds and not recycled or evaporated, and all the
amounts not returned back to the source from where it was withdrawn. The lowest water demand
coefficients (2.08 bblw/bblgur and 2.87 bblw/bblgur for consumption and withdrawals,
respectively) result when oil sands are extracted through SAGD, upgraded, and refined. The
highest water demand coefficients (4.19 bblw/bblgur and 5.16 bblw/bblgur for consumption and
withdrawals, respectively) are found in the surface mining, upgrading, and refining pathway.

Upgrading has a lower effect than refining on the water demand coefficient. The developed
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water demand coefficients for the complete life cycle indicate that each barrel of refined oil
extracted through SAGD would save 2.11 barrels of water consumption compared to surface
mining recovery. Based on the complete life cycle of SAGD, in situ primary/EOR, and CSS
pathways would consume more 0.30 barrel and 0.38 barrel of water for each barrel of refined oil,
respectively.

Water demand coefficients obtained for the complete life cycle eases a comparative assessment
between pathways, but to estimate the total amounts of water consumed or withdrawn, the
coefficients should be disaggregated. Disaggregating water coefficients assists in evaluating
water resources based on geographical zones, type of resource, or water quality. For example, an
upgrader and a refinery processing the same bitumen could be located in different zones and
divert water from different river basins or use surface water and groundwater. Disaggregated
water demand coefficients are studied in the next section (in a sensitivity analysis) and an

uncertainty analysis of the developed coefficients follows.

5. Sensitivity analysis

The maximum and minimum water demand coefficients detailed in Table 1 were used in a
Monte Carlo simulation with the consideration of the averages of what are most likely to happen.
A triangle distribution is used through ModelRisk software [28] to give the distribution of
probability percentiles for the most likely value compared to the minimum and maximum bounds
of water demand coefficients. Triangular distribution was selected in this study due to its
simplicity, acceptability, and suitability to the input data which are composed of three parameters
[65-67]. These three parameters are assumed the most important determinant for the results

rather than the type of probability distribution [68].
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Table 2 shows the standard deviation and the distribution of water consumption and water
withdrawals coefficients for the main oil sands unit operations at probability percentages of 10%
and 90%. All the most likely values taken for the unit operations of water consumption
coefficients have a probability higher than 36%. The lowest probability obtained for in situ
primary/EOR for the oil sands is 36% due to the high deviation of the consumption coefficient
(0.92 bblw/bblg) derived earlier [49]. The average water demand coefficients for in situ SAGD
unit operations taken in the analysis are the most confident values compared to other unit
operations and have the highest probability percentages of 64% for a consumption coefficient
and 67% for a withdrawals coefficient. The average water withdrawals coefficient for refining
unit operations taken in the analysis is the least confident value among the unit operations and
has the lowest probability percentage of 28%. This low percentage is due to the significant
deviation of the higher withdrawals coefficient 3.7 bblw/bblr based on CPPI [54].

Figure 5 shows the distribution of water consumption coefficients of the generic unrefined
pathways. This group of pathways is mostly affected by the upgrading unit operation, which has
a most likely value with a 40% probability (see Table 2). Figure 6 shows the distribution of the
water consumption coefficients involved in the refining unit operation. The water consumption
coefficients for the complete life cycle of this group would be affected by the most likely value

of the refining unit operation, which has a probability of 49%.

Table 3 shows the distribution of water withdrawals for the complete life cycle of oil sands

pathways at probability percentages of 10% and 90%. Pathways involving the refining unit

operation are affected negatively by the low probability of the most likely value.
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6. Conclusions

Water demand coefficients for the complete life cycle of transportation fuels based on oil sands
pathways were developed in this paper. Refined oil upgraded through in situ recovery pathways
outperformed refined oil through surface mining recovery due to the difference in water use
during extraction. Water withdrawals coefficients for the complete life cycle of refined oil from
the oil sands is in the range of 2.87- 5.16 bblw/bblgur with the lower coefficient for a pathway
through in situ SAGD and the higher coefficient for surface mining. Extraction stage unit
operations are the most sensitive factors for complete life cycle water demand coefficients of the
produced fuel. The shifting of oil sands operations from surface mining to in situ would
significantly improve the total water demand for transportation fuels produced from oil sands.
Water demand coefficients for oil production are dynamic and new recovery technologies can
significantly reduce the water required. The results of this study could be used in making
decisions and formulating policies related to different liquid fuel production pathways from the
oil sands. Surface mining requires more water than SAGD, but for a comprehensive
sustainability evaluation of this pathway, it is recommended that other environmental (e.g., GHG
emissions) and economic (e.g., cost of production) criteria be integrated with the life cycle water
footprint assessed in this study. It is also recommended that more detailed data be reported by oil
sands operators including data on water demand, oil production, and technology used for each
unit operation. These detailed data would be useful for life cycle assessments and help obtain

more accurate results.

13



Acknowledgements

The authors are thankful to the NSERC/Cenovus/Alberta Innovates Associate Industrial
Research Chair in Energy and Environmental Systems Engineering and the Cenovus Energy
Endowed Chair in Environmental Engineering at the University of Alberta for financial support

for this research. The authors would also like to thank Ms. Astrid Blodgett for editing the paper.

14



References

[1]. International Energy Agency (IEA). Oil: medium-term market report 2015. Available at:
https://www.iea.org/publications/freepublications/publication/MTOMR 2015 Final.pdf
[accessed: 13.06.2016]

[2]. U.S. Energy Information Administration (EIA). Country analysis brief: Venezuela.
Available at:
http://www.eia.gov/beta/international/analysis_includes/countries long/Venezuela/venezuela.pdf
[accessed: 13.06.2016]

[3]. TOTAL S.A. Extra-heavy oils & oil sands: the challenges of development. Available at:
http://www.total.com/sites/default/files/atoms/file/brochure-eho-en [accessed: 13.06.2016]

[4]. Desseault MB. Comparing Venezuelan and Canadian heavy oil and tar sands. Canadian
International Petroleum Conference, Calgary, Alberta, Canada, June 12—14, 2001, Canadian
Institute of Mining, Metallurgy, and Petroleum, Proceedings, Paper 2001-061.

[5]. Alberta Energy Regulator (AER). Alberta’s energy reserves 2014 and supply/demand
outlook 2015-2024. ST98-2015. ISSN 1910-4235. Available at:
http://www.aer.ca/documents/sts/ST98/ST98-2015.pdf [accessed: 30.05.2016]

[6]. Government of Alberta. Energy. Available at:
http://www.energy.alberta.ca/OilSands/791.asp [accessed: 15.05.2016]

[7]. Canadian Association of Petroleum Producers (CAPP). Optimal water management.
Available at: http://www.capp.ca/responsible-development/water/optimal-water-management
[accessed: 15.05.2016]

[8]. Pembina Institute Publications. Mining vs in situ. Fact sheet. Available at:

http://pubs.pembina.org/reports/mining-vs-in situ.pdf [accessed: 29.06.2016]

15


https://www.iea.org/publications/freepublications/publication/MTOMR_2015_Final.pdf
http://www.eia.gov/beta/international/analysis_includes/countries_long/Venezuela/venezuela.pdf
http://www.total.com/sites/default/files/atoms/file/brochure-eho-en
http://www.capp.ca/responsible-development/water/optimal-water-management
http://pubs.pembina.org/reports/mining-vs-in-situ.pdf

[9]. Alberta Environment (AENV). Current and future water use in Alberta. Prepared by AMEC
Earth and Environmental (Edmonton, AB: Alberta Environment, 2007). Available at:
www.assembly.ab.ca/lao/library/egovdocs/2007/alen/164708.pdf [accessed: 28.06.2016]

[10]. Zubot W, MacKinnon M.D, Ayala PC, Smith DW, Gamal El-Din M. Petroleum coke
adsorption as a water management option for oil sands process-affected water. Science of the
Total Environment 2012; 427-428: 364-372.

[11]. Chalaturnyk RJ, Scott JD, Ozum B. Management of oil sands tailings. Petroleum Science
and Technology 2002; 20: 9-10:1025-1046.

[12]. Harjai SK, Flury C, Masliyah J, Drelich J, Xu Z. Robust aqueous-nonaqueous hybrid
process for bitumen extraction from mineable Athabasca oil sands. Energy Fuels 2012; 26: 2920-
2927.

[13]. Hofmann H, Babadagli T, Zimmermann G. Hot water generation for oil sands processing
from enhanced geothermal systems: Process simulation for different hydraulic fracturing
scenarios. Applied Energy 2014; 113: 524-547.

[14]. Zhao DW, Wang J, Gates ID. Thermal recovery strategies for thin heavy oil reservoirs.
Fuel 2014; 117: 431-441.

[15]. Al-Otoom A, Allawzi M, Al-Omari N, Al-Hsienat E. Bitumen recovery from Jordanian oil
sand by froth flotation using petroleum cycles oil cuts. Energy 2010; 35: 4217-4225.

[16]. Hong PA, Cha Z, Zhao X, Cheng CJ, Duyvesteyn W. Extraction of bitumen from oil sands
with hot water and pressure cycles. Fuel Processing Technology 2013; 106: 460-467.

[17]. Grant J, Angen E, Dyer S. Forecasting the impacts of oilsands expansion. Pembina

Institute, June 2013. Available at: http://www.pembina.org/pub/2455 [accessed: 20.06.2016]

16


http://www.pembina.org/pub/2455

[18]. Lunn S. Water use in Canada’s oil-sands industry: the facts. SPE Economics and
Management 2013; 5(1): 17-27.

[19]. Ali B, Kumar A. Development of life cycle water-demand coefficients for coal-based
power generation technologies. Energy Conversion and Management 2015; 90: 247-260.

[20]. Ali B, Kumar A. Development of life cycle water footprints for gas-fired power generation
technologies. Energy Conversion and Management 2016; 110: 386-396.

[21]. Kenny JF, Barber NL, Hutson SS, Linsey KS, Lovelace JK, Maupin MA. Estimated use of
water in the United States in 2005. U.S. Geological Survey. Circular 1344. Available at:
http://pubs.usgs.gov/circ/1344/pdf/c1344.pdf [accessed: 20.05.2016]

[22]. Alberta Environment (AENV). Glossary of terms related to water and watershed
management in Alberta. 1% edition. Partnerships and Strategies Section, November 2008.
Available at: http://environment.gov.ab.ca/info/library/8043.pdf [accessed: 20.06.2016]

[23]. Macknick J, Newmark R, Heath G, Hallett K. Operational water consumption and
withdrawal factors for electricity generating technologies: a review of existing literature.
Environmental Research Letters 2012; 7: 045802 (10pp).

[24]. Goldstein R, Smith W. Water & Sustainability (Volume 3): U.S. Water Consumption for
Power Production—The Next Half Century, EPRI, Palo Alto, CA: 2002. 1006786. Available at:
http://www.circleofblue.org/wp-content/uploads/2010/08/EPRI-Volume-3.pdf [accessed:
12.12.2016]

[25]. U.S. Department of Energy. Energy demands on water resources. Report to Congress on
the independency of energy and  water. Available at:  http://powi.ca/wp-
content/uploads/2012/12/Energy-Demands-on-Water-Resources-Report-to-Congress-2006.pdf

[accessed: 12.12.2016]

17


http://pubs.usgs.gov/circ/1344/pdf/c1344.pdf
http://environment.gov.ab.ca/info/library/8043.pdf
http://www.circleofblue.org/wp-content/uploads/2010/08/EPRI-Volume-3.pdf

[26]. Meldrum J, Anderson SN, Heath G, Macknick, J. Life cycle water use for electricity
generation: a review and harmonization of literature estimates. Environmental Research Letters
2013; 8: 015031 (18pp).

[27]. Ou Y, Zhai H, Rubin ES. Life cycle water use of coal- and natural-gas-fired power plants
with and without carbon capture and storage. International Journal of Greenhouse Gas Control
2016; 44: 249-261.

[28]. Vose. ModelRisk Software. Software systems for quantitative risk analysis and
management. Available at: http://www.vosesoftware.com/ [accessed: 20.05.2016]

[29]. Williams SK, Acker T, Goldberg M, Greve M. Estimating the economic benefits of wind
energy projects using Monte Carlo simulation with economic input/output analysis. Wind Energy
2008; 11 (4): 397-414.

[30]. Kullapa S, Joe M. Increasing innovation in home energy efficiency: Monte Carlo
simulation of potential improvements. Energy and Buildings 2010; 42 (6): 828-833.

[31]. Karfopoulos KL, Anagnostakis MJ. Parameters affecting full energy peak efficiency
determination during Monte Carlo simulation. Applied Radiation and Isotopes 2010; 68: 1435-
1437-

[32]. Alberta Energy. Oil sands production profile: 2004-2014. Energy Technical Services,
Resource  Development  Policy  Division, January 31, 2016. Available at:
http://www.energy.alberta.ca/Org/pdfs/InitiativeOSPP.pdf [accessed: 25.05.2016]

[33]. Alberta Energy Regulator (AER). Alberta’s energy reserves 2008 and supply/demand
outlook 2009-2018. ST98-2009. ISSN 1910-4235. Available at:

http://www.aer.ca/documents/sts/ST98/st98-2009.pdf [accessed: 26.06.2016]

18


http://www.vosesoftware.com/
http://www.energy.alberta.ca/Org/pdfs/InitiativeOSPP.pdf
http://www.aer.ca/documents/sts/ST98/st98-2009.pdf.%20%5baccessed:%2026.06.2016%5d

[34]. Alberta Energy Regulator (AER). Alberta’s energy reserves 2009 and supply/demand
outlook 2010-2019. ST98-2010. ISSN 1910-4235. Available at:
http://www.aer.ca/documents/sts/ST98/st98 2010.pdf [accessed: 26.06.2016]

[35]. Alberta Energy Regulator (AER). Alberta’s energy reserves 2010 and supply/demand
outlook 2011-2020. ST98-2011. ISSN 1910-4235. Available at:
http://www.aer.ca/documents/sts/ST98/st98-2011.pdf [accessed: 26.06.2016]

[36]. Alberta Energy Regulator (AER). Alberta’s energy reserves 2011 and supply/demand
outlook 2012-2021. ST98-2012. ISSN 1910-4235. Available at:
http://www.aer.ca/documents/sts/ST98/ST98-2012.pdf [accessed: 26.06.2016]

[37]. Wu M, Chiu Y. Consumptive water use in the production of ethanol and petroleum
gasoline-2011 update. Center for Transportation Research, Energy Systems Division, Argonne
National Laboratory, December 2008, updated July 2011. ANL/ESD/09-1. Available at:
https://greet.es.anl.gov/files/consumptive-water [accessed: 15.11.2016]

[38]. Suncor Energy. 2013 Report on sustainability. Available at:
http://sustainability.suncor.com/2013/en/environment/water.aspx? _utma=1.1910911359.13692

48968.1369248968.1369248968.1& utmb=1.2.10.1379622632& utmc=1& _utmx=-

&  utmz=1.1369248968.1.1.utmcsr=google[utmccn=%28organic%29|utmcmd=organiclutmctr=

%28n0t%20provided%29& utmv=-& utmk=236633089 [accessed: 20.05.2016]

[39]. Syncrude Canada Ltd. Are the oil sands being responsibly developed? Available at:
http://syncrudesustainability.com/2011/media/pdt/Sycrude%202010-11%20CSR%20Report.pdf

[accessed: 28.05.2016]

19


http://www.aer.ca/documents/sts/ST98/st98_2010.pdf.%20%5baccessed:%2020.07.2015%5d
https://greet.es.anl.gov/files/consumptive-water

[40]. Shell Canada. Oil sands performance report 2012. Available at: http://s04.static-
shell.com/content/dam/shell-new/local/country/can/downloads/pdf/oil-sands/oil-sands-
performance-report-2012.pdf [accessed: 20.05.2016]

[41]. Donahue W. In situ oil sands — get ready for massive water demands in northern and central
Alberta. Water Matters. August 2010. Available at: http://www.water-matters.org/story/401
[accessed: 20.05.2016]

[42]. Gray M, Xu Z, Masliyah J. Physics in the oil sands of Alberta. Physics Today 2009; 62 (3):
31-35.

[43]. Regional Aquatics Monitoring Program (RAMP). In Situ methods used in the oil sands.
Available at: http://www.ramp-alberta.org/resources/development/history/insitu.aspx [accessed:
20.05.2016]

[44]. Gleick PH. Water and Energy. Annual Review of Energy and Environment 1994; 19:267—
299.

[45]. Cenovus Energy. Steam-assisted gravity drainage (SAGD). Available at:
http://www.cenovus.com/operations/technology/sagd.html [accessed: 22.05.2016]

[46]. Galas C, Clements A, Jaafar E, Jeje O. Potential of EOR in Alberta oil pools. Phase 1
report. Prepared by Sproule for the Energy Resources Conservation Board (ERCB) (June 2011).
Available at: http://www.ags.gov.ab.ca/publications/pdf downloads/ercb-eor-reportl.pdf
[accessed: 22.05.2016]

[47]. Galas C, Clements A, Jaafar E, Jeje O. Holst D, Holst R. Identification of enhanced oil
recovery potential in Alberta. Phase 2 final report. Prepared by Sproule for Energy Resources

Conservation Board (ERCB) (March 31, 2012). Available at:

20


http://www.water-matters.org/story/401
http://www.ramp-alberta.org/resources/development/history/insitu.aspx
http://www.cenovus.com/operations/technology/sagd.html
http://www.ags.gov.ab.ca/publications/pdf_downloads/ercb-eor-report1.pdf

http://www.ags.gov.ab.ca/publications/pdf downloads/ercb-eor-report2.pdf [accessed:
22.05.2016]

[48]. Alberta Government. Alberta oil and gas industry: Quarterly update. Winter 2013.
Available at:
http://albertacanada.com/files/albertacanada/OilGas_QuarterlyUpdate Winter2013.pdf
[accessed: 20.05.2016]

[49]. Peachey B. Strategic needs for energy related water use technologies. Water and the
EnergyINet. New Paradigm Engineering Ltd. Available at:
http://www.assembly.ab.ca/lao/library/egovdocs/2005/aleri/154945.pdf [accessed: 20.05.2016]
[50]. Griffiths M, Dyer S. Up-grader alley: Oil sands fever strikes Edmonton. June 2008.
Available at: http://pubs.pembina.org/reports/Upgrader Alley-report.pdf [accessed: 29.05.2016]
[51]. Oil Sands Discovery Centre (OSDC). Facts about Alberta’s oil sands and its industry.
Available at: http://history.alberta.ca/oilsands/resources/docs/facts sheets09.pdf [accessed:
28.05.2016]

[52]. Regional Aquatics Monitoring Program (RAMP). Upgrading of the oil sands. Available at:
http://www.ramp-alberta.org/resources/development/history/upgrading.aspx [accessed:
27.05.2016]

[53]. Chevron Canada. How does an oil refinery work? Available at:
http://www.chevron.ca/operations/refining/refineryworks.asp [accessed: 20.05.2016]

[54]. Canadian Petroleum Products Institute (CPPI). Water — a precious resource. February 2010.
Available at: http://canadianfuels.ca/userfiles/file/Water%20Primer%20-

%20F1nal%20%28Updated%20with%202010%20data%29.pdf [accessed: 20.05.2016]

21


http://www.ags.gov.ab.ca/publications/pdf_downloads/ercb-eor-report2.pdf
http://albertacanada.com/files/albertacanada/OilGas_QuarterlyUpdate_Winter2013.pdf
http://www.assembly.ab.ca/lao/library/egovdocs/2005/aleri/154945.pdf
http://pubs.pembina.org/reports/Upgrader_Alley-report.pdf.%20%5baccessed:
http://history.alberta.ca/oilsands/resources/docs/facts_sheets09.pdf
http://www.chevron.ca/operations/refining/refineryworks.asp

[55]. Pombo F, Magrini A, Szklo A. An analysis of water management in Brazilian petroleum
refineries using rationalization techniques. Resources, Conservation and Recycling 2013;
73:172-179.

[56]. Souza AA, Forgiarini E, Brandao HL, Xavier MF, Pessoa FL, Souza SM. Application of
water source diagram (WSD) method for the reduction of water consumption in petroleum
refineries. Resources, Conservation and Recycling 2009; 53:149-154.

[57]. Alva-Argaez A, Kokossis AC, Smith R. The design of water-using systems in petroleum
refining using a water-pinch decomposition. Chemical Engineering Journal 2007; 128: 33—46.

[58]. Anze M, Alves RM, Nascimento CA. Optimization of water use in oil refinery. AICHE

Annual Meeting. Available at:
http://aiche.confex.com/aiche/2010/webprogrampreliminary/Paper201402.html [accessed:
20.05.2016]

[59]. Canadian Association of Petroleum Producers (CAPP). 2013 Responsible Canadian energy
progress report. Available at: http://www.capp.ca/~/media/capp/customer-
portal/publications/233913.pdf [accessed: 16.11.2016]

[60]. Natural Resources Canada (NRCAN). Oil sands: water management. Available at:
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/eneene/pubpub/pdf/os2015/14-

0704-0il-Sands-Water-Management _access_eng.pdf [accessed: 20.05.2016]

[61]. Cenovus Energy. 2012 Corporate responsibility report.  Available at:
http://www.cenovus.com/reports/2012-corporate-responsibility/ [accessed: 10.05.2016]

[62]. Canadian Association of Petroleum Producers (CAPP). Responsible Canadian energy
progress report. For the year ended December 31, 2009. Available at:

https://issuu.com/capp/docs/rce-oilsands-report/44 [accessed: 16.11.2016]

22


mailto:michele@pqi.ep.usp.br
http://aiche.confex.com/aiche/2010/webprogrampreliminary/Paper201402.html
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/eneene/pubpub/pdf/os2015/14-0704-Oil-Sands-Water-Management_access_eng.pdf
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/eneene/pubpub/pdf/os2015/14-0704-Oil-Sands-Water-Management_access_eng.pdf

[63]. Canadian Association of Petroleum Producers (CAPP). The 2010 responsible Canadian
energy progress report. Available at: http://www.capp.ca/media/news-releases/canadian-oil-and-
gas-industry-releases-2010-responsible-canadian-energy-progress-report [accessed: 16.11.2016]
[64]. Diepolder P. Is zero discharge realistic? Hydrocarbon Processing 1992, 71 (10): 129-131.
[65]. Johnson D. The triangular distribution as a proxy for the beta distribution in risk analysis.
The Statistician 1997; 46 (3): 387-398.

[66]. Williams TM. Practical use of distributions in network analysis. Journal of the Operational
Research Society 1992; 43 (3): 265-270.

[67]. Visser JK. Suitability of different probability distributions for performing schedule risk
simulations in project management. PICMET 2016 - Portland International Conference on
Management of Engineering and Technology: Technology Management For Social Innovation,
Proceedings 2016; 7806608: 2031-2039.

[68]. Hajdu M, Bokor O. Sensitivity analysis in PERT networks: Does activity duration

distribution matter?. Automation in Construction 2016; 65:1-8.

23


http://www.capp.ca/media/news-releases/canadian-oil-and-gas-industry-releases-2010-responsible-canadian-energy-progress-report
http://www.capp.ca/media/news-releases/canadian-oil-and-gas-industry-releases-2010-responsible-canadian-energy-progress-report

Hsd

Lesser
Slave Lake

Figure 1: Locations of oil sands production and river basins in Alberta
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Figure 3: Water consumption coefficients for the complete life cycle of Alberta oil sands
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Figure 4: Water withdrawals coefficients for the complete life cycle of Alberta oil sands
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Figure S: Distribution of water consumption coefficients for unrefined oil sands pathways
The most likely value and the accompanied probability is shown in the graph for each pathway
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Table 1: Ranges for water demand coefficients of oil sands

Unit operation

Water consumption

Water withdrawals

Min

Mol

Max

Min

Mol

Max

Comments/Sources

Surface
mining of the
oil sands
(bblw/bbls)

1.88

2.41

3.12

2.04

2.62

3.39

Min. for consumption and
withdrawals are based on
average fresh water
coefficient reported by Shell
Canada in Alberta and
covering the period 2008 to
2012 with a range of 1.2-2.4
bblw/bblg [40]. Max. for
consumption and
withdrawals are based on
average of water withdrawals
coefficient in Alberta for the
period 2008 to 2012 with a
range of 2.8-4.4 Dbblw/bblg
[59]. Mol. for consumption
and withdrawals are based on
the average from literature
[8, 37- 41, 59, 60].

In situ SAGD
for the oil
sands
(bblw/bbls)

0.14

0.30

0.39

0.15

0.33

0.42

Min. for consumption and
withdrawals are based on
average fresh water use
coefficient  reported by
Cenovus Energy in Alberta
covering the period 2009 to
2012 with a range of 0.11-
0.16 bblw/bblg. According to
CAPP, the 2012 coefficient
is 58% lower than the other
reported average coefficients
for in situ operations in
Alberta [61]. Max. for
consumption and
withdrawals are based on
typical net water use with a
range of 0.09-1.02 bblw/bblg
published in Table 1 by
Donahue [41] for Alberta.
Mol. for consumption and
withdrawals are based on the
average from literature [37,
38,41, 61].

In situ-CSS

0.32

0.68

1.20

0.35

0.74

1.30

Min. coefficients are
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for the oil
sands
(bblw/bbls)

according to Imperial Oil
Company for operations in
Cold Lake, Alberta [18].
Max. ranges are derived from
Wu et al. [37]. Mol. for
consumption and
withdrawals are based on the
average  from literature
[18,37,41].

In situ-
Primary/EOR
for the oil
sands
(bblw/bbls)

0.42

0.60

0.92

0.46

0.65

1.00

Min. coefficients are based
on the total fresh water used
in Alberta in 2009 [62]
divided by the corresponding
total conventional crude oil
produced in the same year [5,
33-36]. Max. ranges are
assumed the same as water
coefficients for conventional
oil [49]. Mol. for
consumption and
withdrawals are based on the
average from literature [5,
33-36, 59, 62, 63].

Oil sands
upgrading
(bblw/bblu)

0.45

0.67

1.00

0.49

0.79

1.09

Min. coefficients are based
on average taken from a
range published by Donahue
[41] indicating that the
upgrading of  bitumen
requires about 0.4-0.5 barrel
of fresh water per barrel of
SCO produced. Max. are
derived from [37] and Mol.
coefficients are based on the
average from literature [37,
40, 41, 50].

Oil refining
(bblw/bblr)

0.40

1.85

0.98

1.75

3.70

Min. for consumption is
derived from a  paper
published by the Canadian
Petroleum Products Institute
(CPPI) [54] that describes
historical water use in
seventeen Canadian
refineries and found that the
average water consumption
is 400 m* of water per 1000

m> of crude oil processed.
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Min. for withdrawals is
based on the average water
consumption index (WCI)
for Petrobras refineries in
Brazil in 2011 [55]. Max.
consumption coefficient is
based on the estimate by [57]
that the average total is 65 to
90 gallons of water per one
barrel of crude oil. Max.
withdrawals coefficient is
based on the water intake
stated by [54]. Mol
coefficients are based on the
average from literature
[37,54- 57, 64].
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Table 2: Distribution and standard deviation of water demand coefficients for the main oil
sands unit operations in Alberta

. . . . Probability percentile of the | |

Consumption coefficient | Withdrawals coefficient | 1,5¢ Jikely value

Pathway , " '
Probability | Probability | Probability | Probability | Consumption } Withdrawals | (
10% 90% 10% 90% coefficient coefficient ¢

Surface mining of the} 3 28 232 3.05 44% 44%

oil sands

In sit-SAGD for the | 0.34 0.22 0.37 64% 67%

oil sands

In situ-CSS for the oil | = 5, 0.98 0.54 1.07 41% 41%

sands

In situ-Primary/EOR | =, 5 0.79 0.56 0.86 36% 35%

for the oil sands

Oil sands upgrading® 0.56 0.87 0.62 0.96 40% 50%

Oil refining® 0.72 1.52 1.44 2.97 49% 28%

2 Coefficients are in bblw/bblg
b Coefficients are in bblw/bbly
¢ Coefficients are in bblw/bblr
dStandard deviation was calculated based on the all gathered data with respect to the most likely value
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Table 3: Distribution of water withdrawals coefficients for Alberta oil sands

Withdrawals coefficient

Probability

percentile of

Pathway Probability | Probability | the most
10% 90% likely water
withdrawals
coefficient
In situ-SAGD-Non-upgraded * 0.22 0.37 67%
In situ-Primary/EOR-Non-upgraded * 0.56 0.86 35%
In situ-CSS-Non-upgraded® 0.54 1.07 41%
In situ-SAGD-Upgraded® 0.84 1.33 55%
In situ- Primary/EOR -Upgraded® 1.19 1.82 43%
In situ-CSS-Upgraded® 1.17 2.03 45%
In situ-SAGD-Non-upgraded-Feedstock to refinery® 1.66 3.34 32%
In situ- Primary/EOR -Non-upgraded-Feedstock to
2.00 3.83 29%
refinery®
In situ-CSS-Non-upgraded-Feedstock to refinery ¢ 1.98 4.04 32%
In situ-SAGD-Upgraded-Refined ¢ 2.28 4.30 35%
In situ- Primary/EOR -Upgraded-Refined ¢ 2.62 4.79 33%
Surface mining-Non-upgraded ? 2.32 3.05 44%
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In situ-CSS-Upgraded-Refined ¢ 2.60 5.00 34%
Surface mining-Upgraded® 2.94 4.00 46%
Surface mining-Non-upgraded-Feedstock to refinery® 3.75 6.02 33%
Surface mining-Upgraded-Refined ¢ 4.38 6.98 35%

2 Coefficients are in bblw/bblg

b Coefficients are in bblw/bblgy
¢ Coefficients are in bblw/bblgr
4 Coefficients are in bblw/bblgur

Table 4: Nomenclature

bbls barrel of bitumen

bblgur barrel of upgraded and refined bitumen
bbl/d barrel per day

bblr barrel of refined product

bbly barrel of upgraded bitumen product
bblw barrel of water
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CAPP Canadian Association of Petroleum Producers
CPPI Canadian Petroleum Products Institute

CSS cyclic steam stimulation

EOR enhanced oil recovery

GHG greenhouse gas

Max Maximum water demand coefficient

mg/L milligrams per litre

Min Minimum water demand coefficient

MJ megajoule, unit of energy equal to 10° Joule
Mol most likely value of water demand coefficient
m’/d cubic metre per day

NRCAN National Resources Canada

RPPs refined petroleum products

SAGD steam-assisted gravity drainage

SCO synthetic crude oil

WCI water consumption index

WCSB Western Canadian Sedimentary Basin
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