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The solvent extraction process (SEP) is a promising technology for bitumen production from oil sands.
This paper investigates the energy requirements and greenhouse gas (GHG) emissions in a propane-
based super-heated vapor solvent extraction process as an alternative to in situ techniques, steam
assisted gravity drainage, and cyclic steam simulation. A vapor solvent-based extraction model of 25,000
barrels per day of bitumen was developed to evaluate energy and GHG emissions. The energy- and
emissions-intensive units were identified and a sensitivity analysis was conducted to study the impact of
key operating parameters on the plant's overall emissions. Uncertainty analysis was performed on the
most sensitive parameters. The results show that SEP natural gas and electricity consumption are 60.5
—89.9 M]/barrel and 19.7—19.9 kWh/barrel of bitumen, respectively. The GHG emissions range from 24.8
to 29.1 kg CO; eq./barrel of bitumen. The demethanizer unit, responsible for more than 90% of the
electrical energy, is the most GHG emissions-intensive unit. GHG emissions are mostly influenced by the
solvent-to-oil ratio. On the whole, the SEP emissions footprint is promising; however, the results must be
extended to upgrading and refining emissions in order to understand the full life cycle GHG emissions of

the transportation fuels produced.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Bitumen is a useful resource containing a mixture of organic
liquids that are highly viscous [1]. Its viscous nature makes it a
challenging task to extract, process, and transport. The extraction of
bitumen is crucial to the production of transportation fuel derived
from oil-sands. Bitumen is extracted through surface mining or in
situ technique depending on its formation, either deep beneath the
earth or at the surface [2]. About 80% of the huge reserves of
bitumen in Canada are in the province of Alberta, deep beneath the
earth and extracted by in situ technique [2]. In 2017, the in situ
technique accounted for over 50% (236.5 thousand cubic metres per
day) of the bitumen extracted in Alberta. This value is expected to
reach 403.3 thousand cubic metres per day by 2026. The current in
situ methods is a thermal based system, which uses large amount of
water and energy to generate steam for bitumen recovery. Thus,
they impact on the sustainability of domestic water and increase
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emissions footprint. For these reasons, there has been increasing
concern to develop energy efficient bitumen extraction process in
the oil and gas industries in Canada.

The most commonly used in situ extraction processes are the
cyclic steam simulation (CSS) and steam assisted gravity drainage
(SAGD) [3]. In CSS, a single well is used for steam injection and oil
production, while SAGD uses two horizontal wells; one is located
slightly above than the other [4]. Steam is injected through the
injection well, which heats the bitumen through condensation. The
diluted bitumen, along with the condensed water, flows to the
production well by gravity and is pumped to the surface for further
processing [2]. Although these methods are effective for bitumen
recovery, there are increasing concerns about their impact on the
environment. A number of studies have been conducted to show
the environmental impact of the thermal-based extraction method.
In a study by Nimana et al. [4], they showed that natural gas and
electrical energy consumption of SAGD is capable of releasing GHG
emissions in the range of 8.0—34.0 gCO,eq/M] of bitumen.
Although Nimana et al. suggested that SAGD emissions can be
reduced significantly by considering cogeneration, no improve-
ment was conducted to ascertain this claim. A similar study by
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Abbreviations

AGR Acid Gas Removal

API American Petroleum Institute
bbl Barrel

bpd Barrels Per Day

cp Centipoise

CSS Cyclic Steam Stimulation
DEA Diethanolamine

FWKO Free Water Knock-Out
GHG Greenhouse Gas

GP Gas Permeation

HEN Heat Exchanger Network

IGF Induced Gas Flotation

iSOR Instantaneous Solvent-to-Oil Ratio
LCA Life Cycle Assessment

LHV Lower Heating Value

ppm Parts Per Million

SAGD Steam Assisted Gravity Drainage
SEP Solvent Extraction Process

SORovent Solvent-to-Qil Ratio
SORsteam Steam-to-Oil Ratio
TEG Triethylene Glycol

Bergerson et al. [5] reported 9.0—16.0 gCO2eq/M] of bitumen for
SAGD. In addition, they conducted sensitivity analysis which
showed that steam production and electricity generation are the
largest contributors to emissions. Other notable contributions to
the study of GHG emissions from the CSS and SAGD processes have
been made by Refs. [6—9]. These studies provided GHG emissions
associated to the CSS and SAGD in range of 80—120 kg CO, eq./bbl
and 51.8—220.3 kg CO; eq./bbl of bitumen, respectively. In most of
these studies, it is clear that the resulting energy consumption and
GHG emissions from bitumen recovery vary depending upon steam
and electrical energy demand, operating conditions such as boiler
efficiency, level of heat integration, the composition of bitumen,
produced gases, water recovered, etc. Furthermore, the use of
renewable energy for steam production is currently unattractive
due to high production cost. Researches on the use of renewable
energy for steam and power generation in bitumen recovery pro-
cess are still ongoing.

Extensive research has been carried out to improve the perfor-
mance of these in situ methods in order to make them less energy-
and emissions intensive. For example, the work by Ashrafi et al. [10]
focused on reducing the amount of natural gas used. Energy savings
of approximately 8% and reduction in GHG emissions of 61,700
tonnes of CO, —equivalent per year was achieved. Carreon et al. [11]
also evaluated energy efficiency opportunities for in situ extraction
using pinch analysis. Benefits from environmental and energy
savings were focused on for increased medium pressure steam. The
estimated energy savings and GHG emissions reductions were
approximately 6% and 5%, respectively. Extensive work done by
Jacobs [12], Suncor Inc. [13], and Nadella [14] also did not lead to a
significant improvement. It can be deduced from these studies that
there are limitations to reduce water use, energy, and emissions of
the steam-based in situ methods without addressing the possibility
of using a less or non-thermal based process to increase the
mobility of bitumen in the reservoir. Most of the improvement
strategies addressed the surface facilities, while larger portion of
the injected energy is lost or used in the reservoir. The difficult task
is that the required steam necessary to raise bitumen mobility by
increasing its temperature is large. Therefore, regardless of the
improvement method applied to the steam-based in situ surface
facilities; the overall environmental impact will not change
significantly.

In the recent time, various extraction technologies have been
proposed for cleaner and energy efficient operations relative to the
currently used steam-based in situ methods. Some of these pro-
posed techniques claimed that the use of hydrocarbon-based sol-
vent requires no water and less heating for bitumen extraction.
Some experimental studies have also shown that the use of
hydrocarbon-based solvent such as propane, butane or pentene
instead of steam is promising for cleaner operations [15,16].

Recently, N-Solv developed a pilot plant to demonstrate the
hydrocarbon-based in situ extraction method [17,18]. The
hydrocarbon-based in situ technique was invented based on the
concept of solvent diffusion into diluted bitumen [19]. This process
has a wellbore configuration similar to SAGD. In this process, a
solvent such as propane, butane or pentane is injected as warm
vapor through the injection well. The solvent remains in vapor
phase and condenses on the extraction surface inside the reservoir
[19]. Solvent selection in this process is important because bitumen
must be diluted and heated using the solvent's latent heat of
condensation. The most preferred solvent is propane [ 19] because it
is less expensive than bitumen and can deliver heat at tempera-
tures of about like 40°C [20]. Condensed solvent diffuses with
diluted bitumen and is pumped to the surface. The solvent is then
separated from the bitumen and purified. The purified solvent is
heated, compressed, and re-injected into the reservoir [19] to start
the next cycle. Although N-Solv reported that the hydrocarbon-
based solvent extraction method requires no water/steam, and
will reduce energy and emissions significantly, they provided no
information to ascertain their claims. To ascertain these claims, a
data intensive life cycle assessment must be conducted.

While most of the published literature on bitumen extraction is
focused on the thermal-based extraction method, there is currently
no extensive study on the environmental impact of the
hydrocarbon-based solvent extraction method. Although there a
number of experimental studies which provide strong evidence for
the extraction of bitumen using hydrocarbon solvent, further
evaluation is required to ascertain the energy consumption and
GHG emissions of the process on a commercial scale. This is a
pathway to help policymakers and oil sands community provide
useful information regarding the hydrocarbon-based solvent
extraction method. This research is an effort to address this gap. In
this study, a life cycle assessment of a hydrocarbon-based in situ
technique for bitumen extraction is conducted. Using fundamental
engineering principles, a data intensive model was developed to
accurately represent the hydrocarbon-based solvent extraction
process. Energy and life cycle greenhouse gas (GHG) emissions
associated with the hydrocarbon based solvent extraction process
were evaluated. The specific objectives of this study are to:

e Develop a solvent extraction process (SEP) model defining well
configuration, reservoir conditions, and associated surface fa-
cilities to separate and purify the solvent from the produced
emulsion.

e Evaluate the overall energy consumption and GHG emissions of
SEP.

e Determine the SEP emissions uncertainty by performing a
Monte Carlo simulation using a range of realistic data as input.
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2. Method
2.1. Process description

Two well configuration similar to SAGD [21] was considered for
the extraction process. Fig. 1 shows the schematic diagram of the
solvent-based extraction and recovery of bitumen process. The
production capacity of the plant is considered to be 25,000 bpd. The
overall system is comprised of solvent injection, bitumen extrac-
tion, solvent and bitumen separation, and solvent compression and
purification. The details of each unit are described in section 2.1.1.

2.1.1. Unit operations

2.1.1.1. Solvent injection. This unit involves the injection of vapor
solvent through the injection well. The distance between the in-
jection and production wells is considered to be 5 m [4]. Propane is
purified by surface processing units (99 mol%) and injected as a
vapor solvent at 70 °C at a pressure of 1800 kPa [19]. The reservoir
temperature and pressure are assumed to be 8 °C [19] and 1379 kPa
[20], respectively. All of the non-condensable gases are maintained
at 1 mol% in the injected solvent. Solvent purification is an energy-
intensive process [22] and, considering the reservoir conditions,
injected solvent can bear approximately 6—7 mol% of non-
condensable gases without causing solvent poisoning [19]. The
reservoir wells are 300 m in length with a payzone (the zone where
much of the oil is found) of 15 m [18,23]. The injection well is 148 m
below the surface [18,23]. All the assumptions considered for
reservoir conditions are presented in Table 1.

2.1.1.2. Bitumen extraction. The heated vapor solvent is injected
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Table 1
Key assumptions in reservoir conditions.
Parameter Values Comments Sources
Reservoir temperature 8°C - [19]
Reservoir pressure 1379 kPa Shallow reservoir [20]
Reservoir length 300 m - [23]
Depth of injection well 148 m - [23]
Payzone 15m - [23]
Porosity 35 (%) - [23]
Permeability 5 Darcy - [23]

through the injection well at a higher pressure than the reservoir
pressure. The injected solvent provides heat to dilute bitumen. The
initial hot solvent accumulates as vapor at the top of the injection
well but after condensed by releasing heat, the solvent falls because
of the increase in density, and new injected solvent fills the empty
space at the top, creating a solvent chamber at the bitumen inter-
face. It is assumed that the chamber pressure is 1500 kPa [19]. The
solvent-bitumen interface temperature is considered to be 45 °C
(the bubble point of solvent). The solvent heats the bitumen to the
bubble point temperature. The condensed solvent diffuses with the
diluted bitumen. The diffusivity of the solvent in the diluted
bitumen is significantly higher than solvent diffusing in raw
bitumen [24] and thus recovers a large portion of bitumen and
leaves behind a significant amount of asphaltene in the reservoir
[18]. Solvent-to-oil ratio (SORgvent) Of the extraction process is
assumed to be 4 [23]. All the key extraction assumptions are pre-
sented in Table 2.

Through heating and diffusion, bitumen viscosity is lowered,
and the solvent-bitumen emulsion goes into the production well by
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Fig. 1. Schematic diagram of the solvent-based extraction and recovery process of bitumen.
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Table 2
Key assumptions for bitumen extraction.
Parameter Values Sources
Solvent-to-oil ratio 4 [23]
(SORsolvent)
Solvent bubble point 45°C
Solvent chamber pressure 1700 kPa [19]
Solvent hold-up in the 20 (%) [23]
reservoir
Solvent composition 99 (mol%) propane and 1 (mol%) non- [19]
condensable gas
Produced gases 1-12 m®/m?> of bitumen [4]
Produced water 1.75 (wt%) of bitumen [4]
Solvent chamber pressure 1500 kPa [19]

gravity drainage. Because of the solvent's high diffusivity and high
asphaltene precipitation, the produced bitumen coming up from
the production well is partially upgraded (14° API), unlike SAGD
bitumen [18]. The bitumen-solvent emulsion drains at the solvent
chamber pressure and is extracted to the top at 650 kPa by me-
chanical lift. The extraction pressure is selected based on the pro-
pane saturation curve. The emulsion needs to be extracted at a
moderate pressure in order to maintain its stability. The properties
of bitumen before and after extraction are provided in Table 3.

2.1.1.3. Solvent and bitumen separation. The first step after extrac-
tion is to separate the solvent from the emulsion. The solvent is
separated in three stages. First, the emulsion is heated to about
40 °C and sent to a free water knock-out (FWKO) vessel. AFWKO is a
pressurized closed vessel [27] used because it is a simple process
and reduces electricity consumption [27]. The FWKO is operated at
1379 kPa [28], and it is assumed that more than 99 (wt%) of pro-
duced water is separated from the emulsion [29]. Moreover, due to
the FWKO's operating conditions, the lighter fraction of the solvent
(considered to be 10 wt% of the total solvent) is vaporized and
separated as distillate from the top of the FWKO along with the
produced gases. Water separated from the FWKO goes to the water
de-oiling unit. It is assumed that the amount of sloppy water is
negligible. Water from the FWKO bottom is heated before entering
the de-oiling unit and then sent to a skim tank where suspended
matter is separated by skimming. After further treatment in the
induced gas flotation (IGF) unit [30] and the oil filter, the de-oiled
water is trucked off site for disposal. Meanwhile, the solvent-
bitumen emulsion, following water and solvent separation, is sent
to the flash system. The flash system is a distillation column
maintained at 64 °C and top pressure of 400 kPa, respectively [31].

Table 3
Key assumptions in bitumen properties.
Initial Final
Parameter Values Comments/ Values Comments/Sources
Sources

API gravity 8° 14° [18]

Viscosity (cp) 7x106 [21] 10 [5]

Density (kg/m?) 1020 958.1 As the produced bitumen
will have very low
asphaltene content, it
will behave like crude oil
[25]

Asphaltene (wt%) 12.7 3 [18]

Metals (ppm): Ni 137.5 [1] 30 [18]

\% 68.5 [1] 77 [18]

Fe 77 [1] 5 [18]

Bitumen lower heating value (LHV) (G]/bbl) 6.48 [26]
Emulsion pressure at production well top 650 Assumed to maintain the
(kPa) stability of the emulsion

Because of the temperature of the column, another 10 wt% of the
solvent is separated from the tank top at high pressure. The bottom
products from the flash system go to the stabilizer. Heat is provided
in the stabilizer that causes the rest of the solvent, along with less
condensable gases like methane, nitrogen, ethane, etc., to come out.
Solvent-separated bitumen is then sent to the dilbit storage tank
after being cooled to 50 °C. In the dilbit storage tank, bitumen is
mixed with diluent (naphtha or natural gas condensate) in appro-
priate proportions and converted to dilbit, which is supplied to the
upgrading or refining unit. The key operating parameters for sol-
vent separation are provided in Table 4.

2.1.14. Solvent compression and purification. Gases are produced in
the production well during bitumen extraction. Produced gases,
along with separated solvent vapor, are compressed in a solvent
compressor to 870 psi [33] because of the high pressure require-
ment in the demethanizer package. There is substantial solvent loss
(solvent hold-up) from in situ operations and surface processing. In
order to maintain a constant solvent flow rate, additional solvent is
supplied from a make-up solvent unit. Solvent, along with gases, is
sent to the demethanizer package. The demethanizer package
consists of an acid gas removal unit, a glycol dehydrator, and a
demethanizer. In this research, the amine process is considered for
acid gas removal [33]. Diethanolamine (DEA) is used and regener-
ated to remove the H,S and CO, contained in the upcoming feed.
The K value for a conventional DEA load is 1.45 [34]. After acid gas
removal, all gases are sent to the dehydration unit for water
removal. Triethylene glycol (TEG) is used in the glycol dehydrator as
a desiccant [33]. Equations from the literature were used to
calculate energy consumption [33]. The detailed equations are
provided in the Supporting Information. The removal of methane
from the solvent is important because if the amount of methane
exceeds a certain limit (>5mol%) [19], it will cause solvent
poisoning [19]. For this reason, external refrigeration is provided in
the demethanizer to condense 100% of the solvent [33] and permit
only 1.0mol % methane in the solvent. The condensed solvent
leaves the demethanizer bottom at about 290 psi [35] and then is
converted into vapor solvent after further pressure drop. Finally,
the solvent is heated in a solvent vaporizer and re-injected into the
reservoir. As the amount of less-condensable gases is already low, it

Table 4
Key assumptions in the solvent separation process.
Parameter Values Comments Sources
FWKO vessel 1379 - [28]
pressure (kPa)
FWKO vessel 40 Temperature is selected
temperature (°C) based on the propane
saturation curve
Confined water (wt 3.5 - [1]
%)
Flash column 35 -
pressure drop
(kPa)
Flash column 64 - [31]
temperature (°C)
Stabilizer pressure 4500 - [32]
(kPa)
Stabilizer 110 - [28]

temperature (°C)
Thermal efficiency 90 It is assumed that the FWKO
(%) heater, flash column and
stabilizer have the same
thermal efficiency
Solvent separation 10 (FWKO) 10 Solvent separation is
(wt%) (Flash Column) 80 determined base on the
(Stabilizer) propane saturation curve
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is assumed that re-compression work will be supplied by the turbo-
expander [34]. The OPGEE model which uses an engineering-based
life cycle assessment (LCA) tool [33] was used to calculate deme-
thanizer energy consumption. The refrigeration system and
compressor consume the most energy in the demethanizer [33].
The reboiler at the bottom of the fractionating column also con-
sumes energy by providing heat in the fractionating column [33].
Reboiler efficiency values are shown in Table 5 along with other key
operating parameters.

The critical parameters leading to high heat and electricity
consumption were identified from the calculations. Variations in
the efficiency of most energy-consuming equipment can result in
significantly higher or lower energy consumption. A sensitivity
analysis was performed on the energy-sensitive parameters and
equipment efficiency. The parameter values were varied within
+30 in keeping with a previous study [4] to identify the most
energy-sensitive parameters and equipment. An uncertainty anal-
ysis incorporating the most energy-sensitive parameters and
equipment was also conducted to determine the feasibility of
implementing the modeled simulation. The detailed sensitivity and
uncertainty analyses, along with the results, are discussed below.

2.2. Mass and energy analysis

The following basic assumptions were made in developing the
model equations:

i. The system is in a steady state flow condition
ii. Change in percentage mole fraction (mol%) is equivalent to
change in percentage volume fraction (vol%) considering
ideal gas flow
iii. The temperature and pressure at the reference state are
To=25°C and P, = 101 kPa, respectively.

The simulation model developed in this study is based on mass
and energy balance equations.

The simplified fundamental mass and energy equations are,
respectively:

Zmi:Zme (1)
DTE+Y Q=) E+) Wy (2)

where m denotes mass flow rate, E stream energy rate, Q., heat rate
into a control volume, W, work done by a control volume and the
subscripts i and e denote inlet and exist, respectively.

Table 5
Key assumptions for solvent compression and purification.

Parameter Values  Comments Sources

Produced gas (m®/m>® of  1-12 Produced gas will fit in the wide [29]

bitumen) SAGD- produced gas range

K value of DEA 1.45 - [34]

Reboiler efficiency (%) 80 Assumed

TEG concentration (wt%) 99 - [33]

Water removal rate (gal of 2 - [33]
TEG/Ib of H,0)

Gas pressure at compressor 6000 - [35]
outlet (kPa)

Demethanizer pressure 3000 - [34]
(kPa)

Condensed propane 2000 - [35]
pressure (kPa)

Condensed propane 46.11

temperature (°C)

Using the equations above, the energy loss was calculated in
each unit operation. To calculate the amount of heat generated from
the produced gas and the additional amount of natural gas required
meeting the total heat (steam and heat) requirement, the following
equations were used:

n K
Heat generated by produced gas = Z—(LH‘;)I m 3)
i=1 f
Natural gas required — Heating required from natural gas )

*natural gas LHV

where i refers to individual gas component, LHV = lower heating
value (kJ/kg), m; = mass flow rate of produced gas (kg/bbl) and n¢
and 7, are the furnace and boiler efficiency, respectively.

Equation (5) was used to calculate both heat and steam pro-
duction from natural gas as 1y= 1, = 80% [33]. The heating required
from natural gas in equation (5) is represented in kJ/bbl unit. Steam
quality was assumed to be 100% in this study. Thus, the heat
generated by produced gas in equation (4) and natural gas required
in equation (5) is expressed in kJ/bbl and kg/bbl unit, respectively.

Equations (6) and (7) were used to calculate the electricity
consumed in the pump and compressor, respectively.

Pump work = m_gh (5)
Mp
Compressor work = Q.4p (6)

Cc

Here, m is the total mass of the bitumen-solvent emulsion (kg/s),
h is the height of the reservoir from bottom to surface (m), Q is the
total gas feed in the compressor (m’/s), 4P is the compressor
pressure difference between input and output (Pa), and 7, (90%)
and 7. (75%) [4]are the pump and compressor efficiency,
respectively.

2.3. Estimation of GHG emissions

The functional unit for an GHG footprint assessment of oil
sands-derived fuels is considered in terms of kg of CO»-equivalent
gas emitted per bbl of bitumen extracted (kg CO, eq./bbl). The
lower heating value (LHV) of bitumen and fuels is considered to
calculate energy consumption and GHG emissions. The data-
intensive Excel-based simulation model uses default parameters
with the provision to input user data. The emissions calculated for
sub-unit operations include (i) combustion emissions due to
burning produced fuel gas on site and (ii) upstream and combus-
tion emissions associated with transferring and burning natural gas
in order to provide required heating for extraction and surface
processing. In this developed SEP model it is assumed that all the
electricity will be supplied from the Alberta grid. The paper also
includes fugitive emissions from leakage and the irregular release
of gases as well as venting and flaring emissions but does not
include emissions due to land use. Land-use emissions for in-situ
production are less than 0.4 CO,/M]J of product [36].

The emissions incurred due to the energy consumption of each
process were evaluated using the emission factors from literature
[7]. For natural gas, GHG emission factors include both upstream [4]
and combustion emissions. For produced gas, only combustion
GHG emissions are taken into consideration as those gases are
produced on site. All the electricity required in the plant is assumed
to be supplied from the Alberta grid, which is one of the largest
hydrocarbon base in North America and where most of the oil
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sands in Canada are located. Electricity production in Canada is
moving towards natural gas-based production due to the phasing
out of coal, but there are still some operational coal-fired power
plants. So upstream emissions for electricity production were
calculated based on a mixture of coal and natural gas supply (70%
coal and 30% natural gas), which is in good agreement with liter-
ature [7,37]. Combustion emissions related to electricity production
were also taken from the NIR (national inventory report) [37]. In
this research, it was assumed that GHG emissions consist of only
CO,, CHy4, and N,O gases. Venting emissions were calculated using
the global warming potential (GWP) of these gases, collected from
the Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report [38]. Venting emissions usually come from
storage tanks, equipment leaks, process vents, etc. Flaring and
fugitive emissions were also estimated from the GHG emissions
data provided by the NIR for oil sands mining, extraction, and
upgrading [37]. All the emissions factor values are provided in the
Supporting Information section of this paper.

3. Results and discussion
3.1. Energy and emissions in the unit operations

Energy is consumed in the form of heat, steam, and electricity in
bitumen extraction and recovery. Through pumping, bitumen-
solvent emulsion is lifted from the reservoir bottom to the top.
Natural gas is burned to provide heat in the FWKO heater, flash
tank, and stabilizer. Water separated in the FWKO, is heated and
then transferred to the water de-oiling unit. Electricity is consumed
by the mechanical contractors that agitate the gas bubbles used in
induced flotation. The solvents, along with the produced gases, are
compressed in the compressor. The compressor energy is calcu-
lated using equation (6). The highly compressed gases are then fed
into the acid gas removal (AGR) unit to remove all the CO, and H5S.
In the AGR unit, electricity is consumed by the booster, reflux, and
circulation pumps to remove acid gases and regenerate the amine
solution. The amine reboiler is a direct-fired heater that consumes
natural gas to provide heating [33]. The aerial cooler needs elec-
tricity to cool the amine solution. The sweet gases from the AGR
unit go to the glycol dehydrator where all the water contained in
the gases is removed. This dehydration is necessary to prevent a
reduction in the heating value and solid hydrate formation [33]. In
the dehydrator, the reboiler provides heating to regenerate the TEG
desiccant. The reboiler consumes natural gas to generate steam.
Electricity is consumed by the glycol pump to circulate TEG. In the
demethanizer, the propane is condensed by external refrigeration
that consumes a significant amount of electricity. The gases sepa-
rated from the demethanizer are sent to a fuel drum. The produced
gases are burned to supplement the heat requirement.

All the equations used to calculate the total energy requirement

Table 6
Fuel consumption and GHG emissions in the Solvent Extraction Process (SEP).

in the demethanizer package are provided in the Supporting In-
formation. Table 6 shows the overall energy consumption and GHG
emissions from each unit operation. The range of values is included
because we considered ranges for some input parameters rather
than point estimates. The default energy and GHG emissions values
correspond to the mean value of the input parameters. The range of
output values provides a more conservative estimate of real life
implementation compared to a point estimate.

The total energy required to extract and recover 1 bbl of
bitumen is 132.9—198.5 MJ. The total energy required in the SEP is
lower than in the thermal extraction methods (622.1-1003.1 M]/
bbl of bitumen for a SORgteam Of around 2.5) reported in the liter-
ature [6—9]-. In thermal extraction, a huge amount of steam is
required to provide heating to dilute and extract bitumen. A sig-
nificant amount of heat is also lost during extraction because of
high operating pressure [19,24]. On the other hand, the SEP oper-
ates at relatively lower pressure and temperature than SAGD [19].
No steam is required in this process, and propane is more effective
for separating bitumen's heavy and light components from the
reservoir than steam [24]. Due to blowback [19] from previously
depleted SAGD chambers, a high amount of steam might go in other
directions without coming in contact with bitumen, which will
increase the SORsteam significantly. The blowback problem in SAGD
operations can also be eliminated with solvents by controlling the
amount of methane in the reservoir. So the SEP not only reduces
energy consumption but also provides a better opportunity to
control the extraction process.

Table 6 shows that about 39.2—43.5% of the total energy used
are through electricity consumption. The reason for this high
electricity consumption in SEP is the external refrigeration that is
required to condense the higher amount of C;+ compounds in the
demethanizer feed. The demethanizer accounted for 91% (19 MW)
of the electricity consumed, while solvent compressors and other
auxiliaries are 9% (1.8 MW). In the turbo-expansion process, the
higher the heavier compounds in the incoming feed, the higher the
amount of external refrigeration required [69] to condense the
heavier compounds. The feed to the demethanizer can be passed
through a membrane-based gas separation process [39,40] to
reduce the amount of C,4+ compounds in the demethanizer feed.
Membranes can be used to separate gases without changing the
phase by gas permeation (GP). The driving force for membrane
separation can be pressure, concentration, temperature, or elec-
trical potential. The distinguishing feature of membrane separation
is the additional membrane phase, which improves separation ef-
ficiency and reduces energy consumption from separation [30]. The
power required for mechanical lifting of bitumen emulsion,
running different pumps and coolers in extraction, and surface
processing is included in “other auxiliaries.”

Heat energy consumption in different units is shown in Fig. 2.
The stabilizer consumes the highest amount of heat energy. The

Fuel consumption

Emissions (kg CO, eq./bbl of bitumen)

Unit Range Default® Type Range Default®
Natural gas (kg/bbl) 1.5-2.2 20 Indirect 4.4-6.5 52
(M]/bbl) 60.5"-89.9 82.1
Produced gas (M]/bbl) 1.5-37.0 19.3 Direct 0.1-24 1.2
Electricity (KWh/bbl) 19.7-19.9 19.8 Indirect 17.4-17.6 17.5
(M]/bbl) 70.9-71.6 713 Venting 0.4-43 24
Flaring - 0.1
Fugitive - 0.3

2 The default is considered the mean value.
P The natural gas lower heating value (LHV) is considered to be 40,700 k/kg [34].
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Fig. 2. Heat energy distribution in extraction and surface processing units.

majority of non-condensable gases are separated by the heat pro-
vided in the stabilizer column. Because of the relatively high
operating temperature of the stabilizer, the pressure of the sepa-
rated solvent increases accordingly. This reduces the work of the
compressor. The solvent vaporizer consumes 27.3% of the overall
heat energy. The solvent vaporizer is required to boil the condensed
bottom product in the demethanizer unit. This is because a large
amount of condensed solvent must be superheated before it is
reinjected into the reservoir.

Another major heat consumer is the FWKO heater. The FWKO
heater increases the temperature of the produced emulsion to
ensure that a considerable amount of water is separated in the
FWKO drum. In the FWKO drum, the lighter emulsion fractions stay
on the top layer and the water-sand slurry remains at the bottom
due to the density difference. The volatile fraction (considered to be
10%) of the solvent comes out from the FWKO top. The water-sand
slurry is ejected from the FWKO bottom. After the sand has been
filtered, almost all the water goes to the de-oiling unit. The amine
reboiler in the AGR unit consumes natural gas to provide heating.
Heating breaks up the chemical bonds between amine and acid gas
[33].

The total GHG emissions from the SEP process vary between
24.8 and 29.1 kg CO; eq./bbl of bitumen. It can be inferred from
Table 6 that 60—71% of the total GHG emissions are from electricity
production. There are potentials to reduce the overall GHG emis-
sions significantly. Electricity production from renewable sources
can be an attractive option. The application of cogeneration is
another favorable option, which has been reported to meet elec-
tricity demand in the existing extraction processes [4]. With
cogeneration, it is possible to reduce upstream GHG emissions,
which will result in lower overall emissions.

The GHG emissions from the SAGD extraction process range
between 47.8 and 220.3 kg CO, eq./bbl of bitumen [6—9]. However,
it is important to mention that a direct comparison with SEP is
difficult due to dissimilarity in the extraction processes and the
nature of bitumen that is produced. Since the solvent precipitates
majority of the asphaltene, the produced bitumen properties (e.g.
API gravity, viscosity, metal content) are different than the bitumen
from thermal production processes like SAGD and CSS. It is difficult
to compare the energy consumption and GHG emissions results
with other extraction results at this stage of analysis. A well-to-
wheel life cycle assessment on the vapor solvent extraction pro-
cess is necessary to make meaningful deductions with other
extraction methods. A common ground for comparison is at the life
cycle stage where the extracted crude oil is processed into common

final products such as gasoline, diesel and jet fuel.

3.2. Sensitivity analysis

A sensitivity analysis was performed on the most energy-
intensive parameters and on the efficiency of the equipment. The
results are given in Table 6. As discussed in section 3.1, the majority
of GHG emissions are due to high electricity consumption. The
solvent compressor and the demethanizer are the two most power-
intensive units. As shown in Fig. 2, the solvent vaporizer consumes
the highest heat energy. The heating required in the solvent
vaporizer depends on the temperature of the condensed solvent
from the demethanizer. Also, the higher the amount of solvent
recovered from the reservoir, the higher the amount of energy
required to process it. So, to see the impact of condensed solvent
temperature and the amount of solvent hold-up in the reservoir on
energy consumption and GHG emissions, these parameters were
included in the sensitivity analysis along with the parameters
mentioned above.

As illustrated in Fig. 3, the GHG emissions from the SEP are
highly dependent on the external refrigeration required in the
turbo-expander. External refrigeration can be reduced by trans-
ferring all the gases from the compressor to a membrane-based gas
separator. As the gases from the compressor will be at a higher
pressure, pressure can be used as a driving force to separate Co+
compounds. As discussed earlier, external refrigeration in the
demethanizer is required to condense C,+ compounds so lowering
the amount of C;+ compounds in the feed will reduce power
consumption in the demethanizer significantly. Since the gas
pressure at the compressor outlet is slightly sensitive to GHG
emissions, determining the optimum outlet gas pressure will lower
energy consumption and emissions. The solvent hold-up in the
reservoir has negligible impact on GHG emissions within a +30 (vol
%) variation. This is because the total energy requirement varies
inversely with the solvent hold-up in the reservoir but it does not
vary significantly per bbl of bitumen. As GHG emissions are related
to energy consumption, the GHG emission rate also remains
insensitive. Another noticeable factor is the temperature of the
condensed solvent. If the temperature increases more than 10%
from the base temperature, GHG emissions drop sharply. This is
because if it was possible to separate all the solvents as vapor from
the demethanizer, no additional heating would be required in the
solvent vaporizer. The energy saved in this process would also save
a significant amount of GHG emissions. But with the current
technology available, it is not a feasible option.

The sensitivity of equipment efficiency is presented in Fig. 4. The
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15.00 at demethanizer (C)
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GHG Emissions (kg CO, eq./bbl of bitumen)
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Fig. 3. The sensitivity of critical parameters on GHG emissions.
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Fig. 4. Sensitivity analysis of GHG emissions to equipment efficiency.

heat consumption of the SEP significantly depends on the heat
exchanger's efficiency. The compressor and the natural gas heater
efficiency can be improved to optimize energy consumption.
Although the technology of the heat exchanger and steam boiler
has matured, their efficiency might drop after a certain period of
operation. By optimizing the operating conditions and heat
exchanger network (HEN), the efficiency of the heat exchangers can
be improved significantly [41,42]. The fluids inside the heat ex-
changers deposit suspended and dissolved solids on the heat
exchanger surface [43]. After a long period of operation, the
deposited solids create an additional layer on the heat exchanger
surface, which prevent effective heat transfer. So maintenance
should be carried out regularly for consistent performance and to
prevent fouling. Compressor performance can also be improved by
modifying the design of the compressor blades, as shown by Lee
and Kim [44]. Energy efficiency auditing of the heat exchangers,
heaters, and compressors might further reduce energy consump-
tion [45,46].

Given that the SEP is very sensitive to energy consumption, the
effect of changing the instantaneous solvent-to-oil ratio (iSOR) on
energy consumption was analyzed. It was found that energy con-
sumption increases linearly with increasing iSOR, as depicted in
Fig. 5. The change in heat consumption is greater than in electricity
consumption. For electricity consumption, the result is reasonable
compared to other solvent-based extraction processes. Heat con-
sumption increases because of the additional heat required to heat
and process the solvent. Similar analogies have been found for
SAGD [4]. Electrical heating techniques like Electro-Thermal
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Fig. 5. Correlation between heat and electricity consumption with instantaneous SOR
in the SEP.

Dynamic Stripping (ET-DSP), Enhanced Solvent Extraction Incor-
porating Electromagnetic Heating (ESEIEH), etc., can be used to
reduce the solvent requirement. These techniques use radio fre-
quencies to polarize water molecules [47]. The water molecules
then try to align with the electromagnetic field. In the negative half
cycle of the microwave, the poles are flipped [48]. The agitation and
flipping generate heat. The additional heat can be used to reduce
the amount of solvent required to extract bitumen. Using less sol-
vent will reduce the iSOR and total energy consumption.

Significant heat is required to separate the solvent from the
solvent-bitumen emulsion. To determine how heat consumption
varies with the amount of solvent separated in different units, the
solvent separated in the stabilizer is decreased with an analogous
increase in separation in the flash tank. Solvent separated in the
FWKO is kept constant because if a higher amount of solvent is
separated from the FWKO at a relatively lower pressure it will in-
crease the work of the compressor. Increasing the compressor work
will increase GHG emissions because both compressor efficiency
and compressor outlet pressure are sensitive parameters. As illus-
trated in Fig. 6, GHG emissions increase linearly with an increase in
the amount of solvent separated in the stabilizer. By looking at the
ordinate values, we can infer that the amount of solvent separated
in different stages insignificantly contributes to GHG emissions.

3.3. Uncertainty analysis

From the sensitivity analysis we determined that the two pa-
rameters that impact the emissions most are heat exchanger effi-
ciency and the amount of external refrigeration in the
turboexpander. The amount of external refrigeration depends on
the amount of C,+ compounds in the feed. The feed composition in
the demethanizer has significantly higher amounts of Co+ com-
pound (77.6—87.6 mol%) than usual [49—51]. In order to make the
design robust and allow for flexibility in the demethanizer feed, it
was assumed that 90% of the C,+ feed requires external refrigera-
tion in the base model as a worst case scenario. Using the relation
developed by Diaz et al. [49], we found that about 22 mol% C,+ feed
require external refrigeration. This wide range was used to develop
the triangular distribution for an uncertainty analysis of external
refrigeration. An uncertainty analysis was performed on these pa-
rameters along with total electricity consumption and the effi-
ciency of the natural gas (NG) heater. The total electricity
consumption was included in the uncertainty analysis to observe
the impacts of compressor work and compressor efficiency. A
Monte Carlo simulation was used to determine the uncertainty of
the input parameters. The simulations were run in ModelRisk
software. In order to perform the simulations, the statistical
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Fig. 6. Effect on GHG emissions of variations in solvent separation in the stabilizer.
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Fig. 7. Uncertainty analysis of the most sensitive parameters.

distributions of the input parameters are required. Because of
limited data, triangular distributions were generated for every
parameter except produced gas and venting GHG emissions. A
triangular distribution gives conservative results for predictable
values as well as a lower standard deviation. For produced gas and
venting GHG emissions, it is hard to predict a reliable value as those
parameters vary significantly from well to well. This variation is
taken into account by choosing a uniform distribution as it gives the
most conservative distribution and treats all the input values
equally. It is estimated that to keep sampling errors below 0.1 kg
CO; eq./bbl of bitumen, 100,000 runs are required. Formulas to
calculate sampling errors are provided in the Supporting Informa-
tion. The results are presented for 99% confidence intervals in Fig. 7.

For both external refrigeration and total electricity consump-
tion, the emissions have the same values within the 0.5 and 99.5
percentile. This implies that compressor work and efficiency are
relatively insensitive and the highest variations in uncertainty
occur because of refrigeration in the demethanizer. The efficiency
of the NG heater provides a wider range uncertainty in GHG
emissions compared with the efficiency of the heat exchanger,
which contradicts the results found from the sensitivity analysis
shown in Fig. 4. This is because the efficiency of the heat exchanger
is considered to be 90% in this research. As the efficiency of the heat
exchanger cannot be higher than 100%, the efficiency was varied by
+10% and the efficiency of the NG heater was varied by +20%. For
this reason the uncertainty in emissions for the NG heater (shown
in Fig. 7) has a wide range. Although a wide range for produced gas
from a well is considered in this research, the uncertainties in
produced gas emissions have a relatively narrow range.

4. Conclusions

This research presents a data-intensive simulation model to
estimate fuel input, energy consumption, and GHG emissions for a
solvent-based oil sands extraction process. Engineering first prin-
ciples were used to determine mass and energy balances in each
sub-unit operation. The total heat consumption is from 62.0 to
126.9 M] per bbl of bitumen depending on the amount of gas pro-
duced from the reservoir. The total electricity consumption is
relatively constant, and it is estimated that 19.7—19.9 kWh of
electricity is required to extract and recover each bbl of bitumen. It
was found that total GHG emissions vary from 24.8 to 29.1 kg CO,
eq. eq./bbl of bitumen. Although the properties (e.g. API gravity,
asphaltene content) of the vapor solvent extracted bitumen differs
from that of CSS and SAGD extraction, the GHG emissions from the
CSS and SAGD processes range from 80 to 120 kg CO, eq./barrel
(bbl) and 51.8—220.3 kg CO, eq./bbl of bitumen, respectively.

More than 92% of the total electricity required is used to
condense the solvent in the demethanizer. The solvent extraction
process is very sensitive to the efficiency of equipment, and among
the equipment, the efficiency of the heat exchanger is the most
sensitive one to solvent extraction and surface processing GHG
emissions. Electricity consumption can be reduced by using low
energy-intensive gas separation processes. Improving the heat
exchanger network and optimizing operating conditions will
improve the efficiency of heat exchangers. As the total energy
consumption depends on the efficiency of the equipment, proper
monitoring with regular maintenance is necessary for consistent
performance. Energy consumption varies linearly with the iSOR, as
heat consumption is more sensitive than electricity consumption.
Energy consumption can be reduced by operating at a lower iSOR.
On the whole, the overall emission footprint of the solvent based
extraction method is promising. However, these results must be
extended to upgrading and refining emissions in order to under-
stand the overall life cycle GHG emissions of the transportation
fuels produced from solvent based extraction method.

This modeling approach will help industries find strategic
pathways for sustainable oil sands derived liquid fuel production to
meet global energy demands. It will also help policy makers make
effective policies considering international market demand, oil
price, environmental regulations, etc. that will help the oil sands
industry flourish not only in Canada but also around the world.
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