Energy 186 (2019) 115854

Contents lists available at ScienceDirect — e :
Energy o
journal homepage: www.elsevier.com/locate/energy e
Evaluation of energy and GHG emissions’ footprints of bitumen N
extraction using Enhanced Solvent Extraction Incorporating =

Electromagnetic Heating technology

M. Safaei, A.O. Oni, E.D. Gemechu, A. Kumar"

Department of Mechanical Engineering, University of Alberta, 10-203 Donadeo Innovation Centre for Engineering, Edmonton, Alberta T6G 1H9, Canada

ARTICLE INFO

ABSTRACT

Article history:

Received 8 March 2019
Received in revised form

29 July 2019

Accepted 30 July 2019
Available online 6 August 2019

Keywords:

Bitumen extraction
Enhanced solvent extraction
Electromagnetic heating
Greenhouse gas emissions
Oil sands extraction
Uncertainty analysis

Enhanced Solvent Extraction Incorporating Electromagnetic Heating is an emerging technique for in situ
oil sands extraction. A bottom-up method based on first engineering principles was conducted to
determine the greenhouse gas emissions and energy requirements of the process. Two pathways in
which to reduce solvent loss and energy use by the process were investigated. In Pathway I, the produced
gases are captured to minimize solvent losses, while Pathway II considers their use as fuel. Energy
scenarios were developed to analyze the overall impacts of the electricity sources. A case for Alberta,
Canada, was conducted to study the impacts of electricity consumption on emission performance. The
current Alberta electricity mix, future Alberta electricity mix (to 2030), 100% renewable electricity (from
biomass), and cogeneration were the energy scenarios considered. The results show that energy con-
sumption and greenhouse gas emissions for Pathways I and II are 487.2 and 375.5 M]/bbl, and 77.7 and
59.77 kg CO, eq/bbl of bitumen, respectively. Electricity use by the antenna for heating is the key
contributor. The electricity-from-biomass scenario offers the highest emission reduction, 83.0% below
Alberta's current electricity mix. Improvement in the antenna performance and cleaner electricity

generation would reduce environmental impacts.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Conventional fossil fuels have a dominant role in global energy
supply. Petroleum production, at approximately 100 million barrels
per day (mbpd), makes up one-third of the world's energy supply
[1]. Most petroleum products are used as transportation fuels and
contribute to 20% of global greenhouse gas (GHG) emissions [2].
World energy consumption, driven by population and economic
growth, is projected to increase by 28% from 2015 to 2040 [3]. The
depletion of fossil fuel reserves is another pressing issue, along with
its climate change impact. With current production and con-
sumption trends, there are only 20, 53, and 114 years before the
world runs out of crude oil, natural gas, and coal, respectively [4,5].
Hence, making use of the vast resources of unconventional crude
reserves around the globe (2129.5 billion barrels) could be a po-
tential solution to satisfy the world's energy demand for decades
[5]. Oil sands are one of these unconventional sources. They are
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composed of sands, water, and bitumen and characterized by their
high viscosity and density [6]. Canadian oil sands constitute a larger
portion of the total proven global oil reserves [4]. The oil sands
reserves in Alberta, a western Canadian province, with 165.4 billion
barrels, comprise 13.8% of the world's total proven oil reserves [3,7].
At 2.4 million barrels per day, Alberta's bitumen production rep-
resents 2.5% of the world's oil production [7,8]. The production is
projected to increase by 54% by 2030 [9].

Bitumen extraction is a challenging process because of the
highly viscous nature in which it exists in situ. It must be converted
to a flowable form for easy mobility and processing. There are a
number of bitumen extraction techniques, but cyclic steam stim-
ulation (CSS) and steam assisted gravity drainage (SAGD) are the
most widely used in situ methods [6]. In both the processes,
pressurized high temperature steam is injected into a reservoir
through injection wells; this transfers heat to the bitumen and
reduces its viscosity [10]. The heated bitumen is extracted from in
situ through producer wells. Both CSS and SAGD use substantial
amounts of natural gas and water to produce steam [10,11]. During
this process, a significant portion of the heat is lost inside the
reservoir [12].
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Abbreviations GWP Global warming potential
H,S Hydrogen sulfide
cEOR Cumulative electricity-to-oil ratio of the reservoir IPCC Intergovernmental Panel on Climate Change
CO, Carbon dioxide ISO International Organization for Standardization
CSS Cyclic steam stimulation LCA Life cycle assessment
DEA Diethanolamine Mbpd Million barrels per day
EM Electromagnetic MSCFD  Thousand standard cubic feet per day
ESEIEH Enhanced Solvent Extraction Incorporating N,O Nitrous oxide
Electromagnetic Heating P5 5th percentile
FWKO Free water knockout P95 95th percentile
gC0,eq  Grams of carbon-dioxide equivalent SAGD Steam-assisted gravity drainage
GHG Greenhouse gas emissions SCO Synthetic crude oil
GOR Gas-to-oil ratio TEG Triethylene glycol
Bitumen recovery is GHG intensive. The sector is responsible for cenrator
9.8% of Canada's GHG emissions [13]. A few studies evaluate the
energy and emission performances of different bitumen extraction e conent

technologies, but they focus mainly on well-established and
commercialized extraction technologies such as CSS and SAGD. For
example, Bergerson et al. developed a life cycle assessment (LCA)
model to estimate the energy use and GHG emissions in surface
mining and SAGD processes based on confidential data from in-
dustry [14]. Nimana et al. also developed an LCA model to evaluate
the energy use and GHG emissions for the same bitumen recovery
methods using publicly available data [10]. Their study also
examined the effect of cogeneration on bitumen recovery and
concluded that GHG emissions in surface mining and SAGD could
be reduced by 16—25% and 33—48%, respectively, through cogen-
eration. Garcia et al. evaluated the impact of capturing CO, from
power and hydrogen production plants in reducing GHG emissions
[15]. The GHG emission reduction opportunities through the use of
renewable energies in the SAGD process are analyzed by Betan-
court-Torcat et al. and Kramer et al. [16,17]. Some authors investi-
gated alternative energy saving opportunities and changing the
current configuration of SAGD plants to reduce GHG emissions
[18,19]. Others evaluated the variability in GHG emissions during
bitumen extraction in SAGD and CSS through statistical analysis
[20,21]. These studies highlight that the discrepancy in output re-
sults is mainly due to different reservoir properties. HIS Markit's
study considered several improvement options in CSS and SAGD to
predict future bitumen extraction emissions [22].

The oil sands industry has been making efforts to develop
alternative bitumen extraction and recovering technologies that
can help the sector reduce its overall GHG emissions. A number of
new technologies are at various stages of development, demon-
stration, and deployment. These include electromagnetic (EM)
heating [23], solvent assisted extraction technique [24], and
Enhanced Solvent Extraction Incorporating Electromagnetic Heat-
ing (ESEIEH) [25]. EM heating uses a radio frequency antenna that
converts electricity to radio frequency energy. The antenna is
placed inside a reservoir to heat the bitumen by vaporizing the
formation connate water [26]. The solvent-based extraction tech-
nique is based on injecting a light hydrocarbon-solvent as super-
heated vapor into the reservoir. The solvent later rises and con-
denses and gives its latent heat to the bitumen [24]. Both EM
heating and solvent-based extraction technologies have pros and
cons. While both eliminate the water requirement and have high
heat transfer efficiency [24,26,27], the low natural gas-to-electricity
and then electricity-to-radio frequency conversion efficiencies
mean EM's heating energy is not on par with SAGD or CSS [25]. In
addition, solvent-based extraction has two major challenges. First,
heat transfer from solvent to bitumen is affected by non-
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Fig. 1. Schematic diagram of the ESEIEH process.

condensable gases inside the reservoir, thus special care must be
taken to maintain the appropriate operating temperature and
pressure to avoid solvent poisoning [28]. Second, solvent con-
sumption and solvent loss are high, which affects the economic
feasibility of the technology [29].

ESEIEH is considered a game changer oil sands extraction
technology because of its high potential to reduce capital intensity,
GHG emissions, and water use. ESEIEH combines the best features
of both EM heating and solvent extraction techniques [30]. The
antenna is placed horizontally in the reservoir to preheat the
reservoir, and light solvent is then injected to further reduce the
viscosity [25,30]. ESEIEH is considered to require a relatively lower
solvent-to-oil ratio than solvent-based extraction and operates at
a lower temperature than EM heating and SAGD [25]. Furthermore,
it could have a higher oil recovery factor? than CSS and SAGD [31].
An overview of the ESEIEH process is presented in Fig. 1.

A handful of studies on ESEIEH technology exist in the literature,
mainly focusing on cost and process characterization. Wise and
Patterson performed a cash flow analysis to forecast the supply cost
of an ESEIEH demonstration project in Alberta's oil sands [32].
Sadeghi et al. used numerical modelling to study the electromag-
netic heating phenomena important to fluid flow in oil sand res-
ervoirs [33]. Irani and Saeedfar estimated the minimum amount of

1 Solvent-to-oil ratio is an expression of the amount of solvent required at
standard conditions and liquid state to extract one barrel of bitumen.

2 The oil recovery factor is the amount of reservoir crude that can be recovered
economically.
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power required to develop the desiccated zone around the antenna
in the reservoir [34] and Sadeghi et al. presented an analytical
model that predicts oil rate and desiccated zone growth [35].
Wilson et al. use numerical modelling to predict liquid solvent
penetration depth [36]. To the best of the authors' knowledge, there
is no single study that evaluates the energy and environmental
performances of the ESEIEH process. However, identifying the en-
ergy and environmental hot spots of new extraction technologies
such as ESEIEH at the early stage of development can help industry
make required adjustments at a relatively lower cost than when the
technologies are already in the market and could also help policy-
makers make more informed decisions and further facilitate policy
formulation. Hence, it is critical to understand the energy and
environmental footprint of ESEIEH. This will help in its comparison
with in situ methods. This paper, therefore, aims to address these
gaps by performing a data-intensive and process-specific LCA based
on first engineering principles. The specific objectives of this
research are to:

e Develop a process model for the ESEIEH process,

e Develop a spreadsheet-based model to characterize the energy
and GHG emissions of the ESEIEH process,

o Identify the parameters that significantly impact the GHG
emissions of the ESEIEH process, and

e Evaluate different energy scenarios to improve the ESEIEH
process.

2. Method

Fig. 2 illustrates the stages in the production of transportation
fuel through the ESEIEH process. The crude extracted from the
reservoir is processed on the surface to separate the solvent and the
formation water. The bitumen is then blended with lighter hydro-
carbons such as natural gas distillates (diluent) to reduce the vis-
cosity so that it can be transported via pipeline. The blended
bitumen, known as dilbit, is either sent to the upgrader to be
transformed into a higher quality crude (synthetic crude oil [SCO])
or sent directly to a refinery to produce transportation fuels [37].

2.1. Process description

A detailed view of the extraction and separation of the ESEIEH
process is provided in Fig. 3. The unit operations considered in each
stage of extraction in the reservoir and separation at the surface are
discussed below.

2.1.1. Extraction process
The reservoir configuration of the extraction process is similar to

SAGD [25] and uses standard oilfield handling equipment. It has a
horizontal or vertical well pair with an injector and a production
well that produces a mixture of bitumen, gas, solvent, and water as
emulsion from the reservoir. A dipole antenna is installed in the
injection well to transmit radio frequency waves into the reservoir
[25]. The radio frequency wave heats the reservoir, making the
bitumen less viscous. Solvent is injected into the reservoir to in-
crease the mobility of the heated bitumen. The reservoir heating
temperature and pressure are assumed to be 80°C and 1.4 MPa,
respectively, to produce emulsion in the production well [31,38].
The reservoir pressure and temperature for effective operation of
the ESEIEH process are lower than in the steam-based extraction
process [10,39]. Depending on the hydrocarbon solvent used, the
well temperature ranges from 40°C to 80 °C and the well pressure is
operated such that it favors solvent condensation [25]. It is
important that the conditions of the well are favorable to ensure
that the solvent condenses. In this study, butane is used as solvent
and reservoir operating conditions suitable for condensation are
assumed [40].

2.1.2. Separation process

The separation process can be divided into four main processes:
oil treatment, amine gas treating, glycol dehydration, and deme-
thanizer. The use of steam reboiler and water coolers are more
economical than other sources such as glycol mixtures and cooling
fans. Therefore, in this study, it is assumed that regenerators use a
steam reboiler and water cooler to boil and cool the top product.
The pumps and compressors are used to recirculate liquid and
gases to where they are required.

2.1.3. Oil treatment unit

Emulsion from the production well is pumped into the surface
facility through a cooler that reduces its temperature. The cooler's
outlet temperature and pressure are regulated to control the
amount of produced gases at the pre-flash tank where components
in the gaseous phase are separated from the liquid phase (a mixture
of bitumen, solvent, and water). The components in the liquid
phase enter the free water knockout (FWKO) drum and mechanical
treaters for water separation and further recovery of gases. In order
to recover the liquid solvent remaining in the bitumen, the bitumen
leaving the FKWO for the stabilizer unit is preheated to about
195°C [41], thus vaporizing the solvent. The bitumen from the
stabilizer unit is then sent to the storage tank where it is mixed
with diluent to further improve its viscosity. The separated water is
sent to the water treatment unit for treatment. Produced gases,
along with separated solvent vapor from the flash tank, mechanical
treaters, and stabilizer unit, are compressed and sent to the amine
gas treatment unit as shown in Fig. 3.
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Fig. 2. Schematic of transportation fuel production using the bitumen extraction through the ESEIEH process.
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Fig. 3. Schematic diagram of the ESEIEH extraction and separation process.

2.14. Amine gas treatment unit

The amine gas treatment unit is considered for the removal of
acid gases such as carbon dioxide (CO,) and hydrogen sulfide (H,S)
from the produced gases using diethanolamine (DEA) solution. The
amine gas treating process consists of an absorber tower, regen-
erator unit, pumps, and compressors. In the absorber tower, DEA
solution flowing down the tower absorbs CO,, H,S, and other
contaminants from the produced gases entering at the bottom [42].
Sweet gas (gas free of acid gases and contaminants) is produced as
distillate and sent to the dehydration process for water removal.
DEAs rich in absorbed acid gases and contaminants are removed as
a bottom product in the absorber tower. The rich DEA is sent to the
regenerator to produce lean DEA for reuse and CO,, H,S, and other
contaminants are removed as the distillate in the regenerator [42].

2.1.5. Glycol dehydration unit

The glycol dehydration unit consists of an absorber, regenerator,
pumps, and compressors. In the absorber unit, triethylene glycol
(TEG) flows down from the top of the tower and absorbs wet gas
entering at the bottom as they contact each other. Dry gases are
produced as distillate while the bottom product, the TEG/water
mixture, is sent to the regenerator unit to produce lean TEG for

reuse [42]. Depending on the purity of solvent, the recovered sol-
vent is either recycled through the injection well or sent to the
demethanizer unit.

2.1.6. Demethanizer unit

The main purpose of the demethanizer unit is to purify the
solvent and separate methane from other lighter hydrocarbon
components. The unit has a distillation tower and a refrigeration
unit. The distillation tower, with a top cooler and bottom reboiler, is
used to separate solvent (butane) from other lighter hydrocarbons.
The refrigeration unit is required to condense the dry gases from
the dehydration process, after which the dry gases enter the
distillation tower. The solvent leaves the tower at the bottom while
the lighter gases leave as distillate [43]. Finally, the recovered and
make-up solvent is re-injected into the reservoir.

2.2. Simulation of the ESEIEH process

2.2.1. Estimation of energy consumption

Table 1 lists all the values and assumptions used to estimate
energy use and associated GHG emissions for bitumen extraction in
the ESEIEH process.
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Table 1

Model input data for the evaluation of energy consumption and GHG emissions in bitumen extraction via ESEIEH.
Parameter Value
Solvent-to-oil ratio, m*/m? [38] 1.33
Solvent hold-up in the reservoir, % [38,44] 25
Solvent loss inside the reservoir, % [29,38] 5.00
Make-up solvent temperature, °C [45] 10.00
Make-up solvent pressure, kPa [45] 200.00
Reservoir gas-to-oil ratio, (GOR)*3, m3/m> [14] 4.00
Reservoir depth, m [44] 153.00
Reservoir pressure, kPa [44] 1400.00
Wellhead pressure, kPa [10] 1800.00
Reservoir cumulative electricity-to oil-ratio (cEOR)", GJ/bbl [31,38] 0.18
Antenna efficiency, % 72.00°
Furnace efficiency, % [46,47] 80.00
Compressor efficiency, % [48] 80.00
Boiler efficiency, % [14] 85.00
Pump efficiency, % [49] 80.00
Pressure difference for pumping cooling water, kPa [50] 266.00
Energy intensity for water treatment, kwh/bbl of water [51] 0.16
Diluent-to-oil ratio, m3/m? [39] 0.33
Dilbit storage tank temperature, °C [39] 50
Diluent storage tank temperature, °C [39] 5.8
Upstream emissions of solvent, kg CO,eq/bbl of butane [52] 17.95
Emission factor of natural gas, kg CO,eq/GJ [52] 68.00
Emission factor of combusted gas in Pathway I¢, kg CO.eq/GJ 80.24
Emission factor of combusted gas in Pathway II°, kg CO,eq/G]J 61.88
Emission factor of Alberta grid electricity (2016 mix)®, kg CO.eq/MWh 701.00
Emission factor of Alberta grid electricity (2030 mix)°, kg CO.eq/MWh 372.00
Emission factor of electricity from cogeneration, kg CO,eq/MWh [52—54] 484.00
Emission factor of electricity from biomass power plants, kg CO,eq/MWh [55] 20.26°

2 Proprietary data from industry. This value also includes the efficiency during transmission of the electricity into the

reservoir.

b This value corresponds to the emissions during chopping, cropping, and transportation of feedstock to the power

plant.

¢ Amount of electrical energy that needs to be delivered to the reservoir for bitumen recovery.

d Calculated by authors.

The following equations were used to estimate energy con-
sumption in different unit operations.
Energy consumption of antenna, Ag:

Ag = cEOR/na (1)

where cEOR is the cumulative delivered energy to the reservoir-to-
oil ratio (GJ/bbl) and m, is the overall efficiency of the antenna
including transmission losses of electricity and conversion of
electricity to radio frequency energy.

Energy consumption of pumps, Pg:

PE = VP /np 2)

where V is the emulsion volume (m>/bbl), P is pressure difference,
and 7, is the efficiency of the pump.
Energy consumption in pumps for emulsion extraction, Pgg:

Pgg = M;g*h + (Mv)*(Pyelinead — Preservoir) (3)

where M, is mass of water, solvent, and bitumen mixture (kg/bbl),
h is the vertical depth of the producer well (m), g is the gravity (m/
s%), My is the mixture volume (m>), Pyeiihead is the wellhead pres-
sure (kPa), and Pyeservoir is the reservoir pressure (kPa).

Energy consumption in the water treatment unit, Wg:

3 Amount of gas that is produced along with the bitumen at standard conditions.

Wg = E;{W, (4)

where E; is the energy intensity for water treatment (kWh/bbl of
water) and W, is the amount of water that is extracted along with
bitumen, known as water cut (%).

Solvent upstream emissions for bitumen production, Syp-emis-

sion-bitumen*
Sup—emission—bitumen = sup—emission *SOR*S, (5)

where Syp.emission 1S the upstream emissions of solvent (kg CO; eq/
bbl solvent), SOR is solvent-to-oil ratio (m>/m?), and S; is solvent
loss (%).

2.2.2. Process simulation

The process simulation of the separation processes was carried
out using Aspen HYSYS Version 9.0 [56]. The unit operations
involved in the process simulation models are distillation columns,
reboilers, valves, mixers, splitters, pumps, compressors, heat ex-
changers, coolers, heaters, and separators. In this study, two
simulation models were developed for the analysis of the ESEIEH
process. The first investigates the effects on energy consumption
and GHG emissions when solvent, together with produced gases, is
considered for purification in the demethanizer unit. The second
model assumes the produced gases, particularly from the pre-flash
and mechanical treaters, are used for combustion in a steam boiler.
In this case, the demethanizer unit was not considered. This is
because the purity of solvent in the stabilizer unit, where most of
the butane is recovered, is relatively high. In this study, for the sake
of clarity, the model with the demethanizer is referred to as
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Pathway I and the other as Pathway II.

The Peng-Robinson, acid gas-chemical solvent, and glycol fluid
packages were the equations of state used to develop the simula-
tion models to predict the thermodynamic conditions of the oil
treatment process and demethanizer, amine gas treating process,
and dehydration unit, respectively. These fluid packages were
adequate to predict the process conditions. The operating condi-
tions of unit operations were found by optimizing the operation
parameters in Aspen HYSYS. Those values are presented in Table S4
in the SL

Natural gas and the Alberta electricity grid mix are the two
sources of energy for process units. The energy required by each
process unit to extract 25,000 bbl of bitumen is evaluated to give a
reasonable account of the impact on the environment. The emul-
sion from the production well is 2.16 bbl per bbl of bitumen. The
emulsion is a mixture consisting of 25,000 bbl of bitumen, 23,294
bbl of solvent, 5500 bbl of water, and 560 thousand standard cubic
feet per day (MSCFD) produced gas (containing acid gases,
hydrogen, and light hydrocarbons. The compositions are shown in
Table S1). In typical steam assisted gravity drainage (SAGD) oper-
ations, produced gases from the well are directly used with natural
gas to fire steam boilers [39]. However, in a solvent extraction
process such as ESEIEH, options are available to either directly use
the produced gases (which are in this case mixed with solvent)
with natural gas to fire steam boilers or treat them to recover more
solvent. The concern in the former approach is continuous solvent
loss through combustion in the steam boiler. On the other hand,
treating the produced gases to recover solvent may require addi-
tional investment and energy consumption. In this study, the two
options are examined in terms of energy consumption and asso-
ciated GHG emissions.

2.3. Scenarios for GHG emissions assessment

In this study, the initial ESEIEH (base case) assessment was
carried out using Alberta's current electricity grid mix to examine
its GHG emissions. To explore the impact of electricity sources on
the overall GHG emissions of the ESEIEH process, the electricity
grid mix in 2030, cogeneration, and using a 100% renewable energy
source were evaluated.

2.3.1. Current Alberta grid mix scenario

Since 2016, Alberta's electricity grid mix has been dominated by
GHG-intensive coal power plants, which make up 39% of the total
share.

2.3.2. 2030 Alberta grid mix scenario

Currently, renewable energy makes up only 14.0% of the mix
[57]. The province plans to phase out coal-fired electricity genera-
tion power plants and replace this energy with renewables and
natural gas by 2030 [58], which will raise the renewables’ share to
30% [57]. This shift in grid energy will lower the grid carbon in-
tensity and therefore has been adopted as a scenario in our study.

2.3.3. Cogeneration

A common practice for electricity generation in existing oil
sands extraction processes is cogeneration [53,59]. Part of the
steam produced for bitumen extraction is used to generate elec-
tricity, thus reducing natural gas consumption and GHG emissions.
As steam-based extraction processes are likely to operate alongside
the ESEIEH process, it is important to consider the benefits of
cogeneration.

2.3.4. Renewable electricity (biomass)
In addition, the benefits of renewable resources such as biomass,

which is plentiful in northern Alberta [6] are examined here. The
concept is to use biomass-based electricity for the ESEIEH process.

2.4. Sensitivity and uncertainty analyses

Since process simulation-based models are deterministic in
nature, the uncertainty in their outcomes needs to be quantified
before they are used for decision-making. The uncertainty in model
output is due to the variability and uncertainty in model inputs.
Performing sensitivity and uncertainty analyses provides a means
to evaluate the variability in the output of the process simulation-
based estimates. In this study, sensitivity analysis was used to
identify input parameters that are sensitive to the model output.
Monte Carlo simulation runs were performed to evaluate the un-
certainties in the output.

Triangular and uniform distributions were considered for the
input parameters since limited data is available on input variables
[61]. Uniform distribution needs minimum and maximum values to
be generated and maintains constant probability over this range of
values. Triangular distribution requires a minimum, mode, and a
maximum to be generated [62]. The GOR and cEOR depend on the
reservoir properties. Moreover, there are few simulations and little
field-scale data on the cEOR in different reservoirs. Therefore,
uniform distributions were used for these variables. Triangular
distribution was considered for the other parameters because of the
scarcity of the data. The input variables and their distributions are
listed in Table 2.

3. Results

The energy and GHG emissions associated with each process
unit in the two pathways of bitumen extraction through ESEIEH
were examined. In Pathway I, the simulation model was designed
such that the produced gases from the flash tank and mechanical
treaters were treated alongside the gases from the stabilizer unit in
the amine unit, glycol dehydration, and demethanizer unit (Fig. 3).
In Pathway II, however, these gases were used for combustion in
steam boilers, thus eliminating the need for a demethanizer unit.
Relevant information on how these pathways interact with reser-
voir operations and surface facilities in terms of energy consumed
and associated emissions are discussed.

The energy consumption and corresponding GHG emissions for
Pathway [ (with a demethanizer) and Pathway II (without a
demethanizer) are 487.2 and 375.5 MJ/bbl, and 77.7 and 59.77 kg
CO, eq/bbl, respectively. The extraction and separation processes
were 51.5% and 48.5% of Pathway I and 66.8% and 33.2% of Pathway
IL. Of the total energy consumed in both pathways, electrical energy
has the largest share (Pathway I: 73.3%, Pathway II: 72.4), and the

Table 2
Input parameters and their distributions for uncertainty analysis for bitumen re-
covery using ESEIEH method.

Input Monte Carlo distribution

Triangular (54, 72, 86)*
Uniform (0.16,0.20)
Triangle (1.04,1.33,1.6)"
Triangle (2, 5, 10)
Triangle (75, 80, 85)
Triangle (70, 80, 92)
Triangle (70%, 85%, 90%)
Triangle (70%, 80%, 92%)
Uniform (1,12)

Antenna efficiency, %

cEOR, (GJ/bbl) [31,38]

SOR, m3/m?> [38]

Solvent loss,% [29,38]
Compressor efficiency, % [63]
Furnace efficiency, % [46,47]
Boiler efficiency, % [14,64—66]
Pump efficiency, % [67]

GOR, m*/m> [14]

@ Proprietary data from industry.
b The literature only reports an SOR of 1.33. The authors considered a range of
+20%.
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Process

Pathway I

Pathway II

Energy consumption (M]/bbl)

GHG emissions (kgCO,eq/bbl)

Energy consumption (M]/bbl)

GHG emissions (kgCO,eq/bbl)

Extraction process

Emulsion lifting 0.6 0.1 0.6 0.1
Solvent injection 0.3 0.1 0.3 0.1
Antenna 250.0 48.7 250.0 48.7
Separation process

Oil treatment 95.4 8.9 95.0 8.0
Amine gas treating 20.9 1.5 20.7 1.5
Glycol dehydration 10.8 1.7 9.0 14
Demethanizer 109.3 16.7 - —
Total 487.2 77.7 375.5 59.8

rest of the energy is in the form of heat generated by natural gas
and/or produced gas combustion. Table 3 presents the energy
consumption and GHG emissions associated with each process. The
energy required and the associated GHG emissions in the extrac-
tion process are crucial to the overall production processes for the
pathways considered. In Pathway I, the inclusion of the deme-
thanizer unit contributed an additional 102.2 M]/bbl and 16.1
kgCO,eq/bbl to energy consumption and GHG emissions,
respectively.

Earlier studies on existing steam-based extraction processes
give emissions values of 45—190 kgCO»eq./bbl of produced bitumen
in SAGD [10,14]. The emissions values from the ESEIEH process
(Pathways I and II) are within the range of values reported for
steam-based processes. It should be noted that direct comparison
cannot be made at this level of operation because the bitumen
produced by these processes may differ in composition and prop-
erties, suggesting that their volume flow and/or energy content are
not equivalent. Direct comparison is suitable after bitumen
upgrading and/or refining, when final products have similar
properties.

3.1. Extraction process

The total energy consumed in the extraction process for Path-
ways I and Il is ~251.0 M] per barrel of bitumen. The energy required
for solvent injection and emulsion pumping is less than 0.1% of the
total energy consumed in the extraction process for both pathways.
The energy required for heating the reservoir through the antenna
is intensive; for both pathways, about 250 M] of electrical energy
needs to be converted to radio frequency energy to produce 1 barrel
of emulsion. The GHG emissions associated with the extraction
process were estimated to be ~49.0 kgCO,eq./bbl for both
pathways.

3.2. Separation process

The energy consumed in the separation process and the corre-
sponding GHG emissions are 236.4 and 124.7 M]/bbl, and 28.8 and
10.9 kgCO»eq./bbl for Pathways I and II, respectively. The oil treat-
ing process and the demethanizer process are the most emission-
intensive units for Pathway I; they contributed about 31.0% and
57.9%, respectively, to the overall emissions of the separation pro-
cess. In Pathway II, the oil treating process is also the most
emission-intensive unit; it contributed 74.0%, while the amine
process and glycol dehydration process contributed 13.5% and
12.5%, respectively. The overall solvent losses in the separation unit
are 2.4% and 3.8% of the total solvent input for Pathway I and II,
respectively. For both pathways, most of the solvent losses are from
the stabilizer unit, amounting to 2.4%. In Pathway II, the use of

produced gases from the flash tank and mechanical treaters for
combustion were about 1.0% and 0.3%, respectively. There are no
significant solvent losses in the free water knock out vessel and
other units of the process.

The oil treating process for both pathways is similar in config-
uration, operating conditions, and the amount of produced gas
required. However, the differences are that compression of the
produced gases from the flash tank and mechanical treaters in the
amine gas treatment unit are not required in Pathway II. In Pathway
II, the produced gases are assumed to be used for heating purposes,
while higher compression power and cooling are required to meet
the operating conditions of the amine treating unit for Pathway L.
The combusted produced gases (from the flash tank and mechan-
ical treaters in Pathway II) contain some solvent, which is lost
through its use in the boiler. The produced gases that are sent to the
amine unit are predominantly butane (96.9% for Pathway I and 97.7
for Pathway II), and their overall volume flow (standard cubic feet)
per barrel of bitumen is 1252.6. When the produced gases from the
flash tank and mechanical treaters are not considered for treat-
ment, the value is 1214.0 SCF/bbl of bitumen (Pathway II). The
reduced volume flow of the produced gases lowers the energy
consumption and GHG emissions by 0.41 M]/bbl and 0.89 kgCO,eq./
bbl, respectively, in the oil treatment unit. In the stabilizer unit,
where most of the solvent in the emulsion is recovered, about 40%
of the energy supplied by the fired heater is recovered through heat
integration. However, the overall energy consumed by the stabi-
lizer unit is over 80% of the total energy consumed in the oil
treatment unit for both pathways. In the amine treatment unit, the
steam reboiler, cooling water pump, and booster pump for the
circulation of DEA are the main energy consumers. The steam
reboiler is the most energy-intensive unit; it is responsible for over
97.0% of the energy consumed by the amine treatment unit in both
pathways. Although there are more acid gases in Pathway I than in
Pathway I, the relative difference, 9.34 x 10~> kg/bbl of bitumen
for CO, and 1.29 x 10~° kg/bbl of bitumen for H,S, does not
significantly contribute to the emissions or the energy consumed.
The reason is that the additional DEA required to sufficiently
remove the increased acid gases has little impact on the energy
consumed in the regenerator and booster pumps. The increase in
energy consumed and emissions is 0.21 M]/bbl of bitumen and 0.04
kgCO,eq./bbl of bitumen, respectively, in the amine treatment unit.
Similarly, the additional water removed from the glycol dehydra-
tion unit for Pathway I does not significantly influence energy
consumption and emissions. The increase in energy consumed and
emissions in Pathway I is 1.79 M]J/bbl and 0.35 kgCOzeq./bbl of
bitumen, respectively.

The drying of solvent (water removal) in the glycol dehydration
unit is essential. Solvent purities are 98.6% and 99.3% for Pathways |
and I, respectively, after drying. However, in Pathway [, because it
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is important to improve the purity of solvent beyond its present
level and recover the light hydrocarbons (which are predominantly
methane), the dehydrated product is sent to the demethanizer. The
purity of solvent increases to 99.8% after the light hydrocarbons,
which contain 95.5% methane, are removed. In this study, it is
assumed that light hydrocarbons removed from the demethanizer
are used for combustion in the steam boilers. The energy required
to increase the purity of solvent by 1.0% in the demethanizer is
~109.3 M]/bbl of solvent. In Pathway I, about 46.2% of the overall
energy consumed in the separation process is by the demethanizer
unit. Furthermore, the most energy-intensive units in the deme-
thanizer are the compressors, which are responsible for 68.0% of
the energy consumption, followed by the steam boiler (29.4%) and
pumps (2.6%). The compressors provide external refrigeration in
order to condense the feed composition to the demethanizer
distillation column. Since the feed is predominately butane, more
energy is required than in a typical demethanizer, in which the feed
is composed of lighter hydrocarbons such as methane [43].

4. Discussion
4.1. Extraction and separation process

The antenna and demethanizer contribute significant amounts
of energy use and GHG emissions to the overall extraction and
separation processes. The GHG emissions for each pathway are
comparable except for the relatively high amount of electrical en-
ergy required for refrigeration in the demethanizer unit in Pathway
L

In the reservoir, the GHG emissions in Pathway II are slightly
higher because more make-up solvent and additional power for the
injection of solvent into the reservoir are required. It is also
important to mention that, depending on the nature of the reser-
voir, solvent-to-oil ratio, type of solvent used, electromagnetic
generator and antenna efficiency, GHG emissions and energy con-
sumption estimates vary. Reservoirs with more water are more
likely to show lower energy consumption because the radio fre-
quency (low frequency) tends to generate more heat energy when
it penetrates or travels through water [26]. This, on the other hand,
is an opportunity to reduce the amount of solvent used. Reservoirs
with high heavy metal content are more likely to increase energy
demand because a strong low frequency is required [68]. Reducing
the solvent-to-oil ratio can lower energy consumption; however,
this may involve a trade-off between bitumen recovery yield and
energy consumption. Energy consumption can also be reduced by
improving the efficiency of the antenna and using highly conduc-
tive electrical transmission lines that produce and transfer elec-
tromagnetic energy, respectively, to the antenna. Improved
antenna design can also reduce energy use and GHG emissions [26].

During the separation process, capturing the produced gases
from the production well increases unit operations and energy
consumption because the composition of the produced gases from
the well reduces the purity of solvent in the process before solvent
re-injection into the well. Although reducing the solvent purity
percentage does not significantly consume energy in the amine and
dehydration units, an additional unit (the demethanizer) is
required to avoid solvent poisoning, which can lead to poor heat
transfer in the reservoir. That said, lighter hydrocarbons such as
methane and ethane are more likely to pose a serious threat to
bitumen extraction because the operating conditions (temperature
and pressure) of the reservoir do not favour methane and ethane
condensation. Methane, which makes up about 63.6 mol% of the
produced gases in the well, is the component most likely to impede
heat and mass transfer. Its accumulation and increased concen-
tration in the reservoir will increase the gas-to-oil ratio, thus

lowering the length of time bitumen is exposed directly to radio
frequency energy from the antenna. These conditions can also
result in the convective flow of light hydrocarbon gases in the
production and injection well, thus raising their pressure and
preventing the inflow of solvent through the injection well. Heavier
hydrocarbons, however, are a low threat to bitumen extraction.
They are more likely to condense at the operating conditions of the
reservoir. That said, the increased concentration of heavier hydro-
carbons in the solvent might lead to the expense of additional
separation columns and increased energy consumption and emis-
sions. The increase in energy is more likely to be from the refrig-
eration of the demethanizer feed streams and the column reboilers.
For these reasons, it is important to keep solvent purity as high as
possible before the solvent is injected into the production well. In
Pathway II, solvent loss to combustion through produced gases
helps avoid both the energy consumption and emissions of addi-
tional units but at the expense of increased make-up solvent. It is
important to mention that solvent loss depends on gas composition
and flow rates in the reservoir. In situations where the flow rates of
produced gases or methane in the reservoir are high, the overall
required make-up solvent increases. In pathways where make-up
solvent may have a significant impact on cost, an economic and
environmental assessment is useful to identify the key trade-offs
for a sustainable operation.

4.2. The impact of electricity sources on the ESEIEH process

The analysis of the ESEIESH process showed that electrical en-
ergy takes the largest share of overall energy consumption and
GHG emissions. Energy-related emissions can be significantly
reduced by lowering the electrical emissions footprints. This can be
done by lowering the electricity emissions factor by improving the
electrical energy mix or using a cleaner electrical source.

In this study, the effects on ESEIESH of Alberta's future grid mix,
the current electricity grid mix, and cogeneration were explored.
Pathway II (without a demethanizer) was analyzed. Because the
results in both pathways are similar, for brevity, Pathway I (with a
demethanizer) is not shown or discussed.

With respect to the base case simulation model presented in
Fig. 3 (Pathway I), Fig. 4 shows the current Alberta electricity grid
mix, the proposed Alberta electricity grid mix by 2030, cogenera-
tion, and 100% renewable energy, along with the corresponding
contributions from the unit operations. The figure shows that the
ESEIEH process can be significantly improved by adopting the
future grid mix, cogeneration, or 100% biomass. A 100% electricity
supply from biomass, the Alberta electricity grid mix in 2030, and
cogeneration show 83.4%, 39.3%, and 25.2% reductions in GHG
emissions, respectively. Furthermore, unlike the Alberta electricity
grid mix in 2030 and cogeneration, where associated GHG emis-
sions from the antenna contributed over 66% of the overall GHG
emissions, the use of 100% biomass lowers the antenna emissions’
share to 16.2%. A similar result is found in the uncertainty analyses
of the four sources of electricity through a Monte Carlo simulation
(see Fig. 5). The resulting life cycle emissions distributions show
that biomass electricity sources have the lowest emissions intensity
and the current Alberta grid mix has the highest. However, the
error bars of the cogeneration and Alberta electricity grid mix by
2030 overlap, so it is not possible to confidently conclude which
scenario has lower emissions. The results of uncertainty analyses
show probability ranges of emissions from 9.96 to 87.7 kgCO,eq./
bbl, depending on the source of electrical energy. GHG emissions
fall to their lowest values (9.96—13.1 kgCO,eq/bbl) when the source
of electrical energy is biomass. The tornado plots in Fig. 6 show the
input parameters with the highest impact on the output uncer-
tainty for each electricity source considered. In the biomass power
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Fig. 5. Uncertainty analysis of the different sources of electricity on the ESEIEH process (Pathway II).

plant scenario, solvent loss is the main source of uncertainty mainly
due to its relatively wide range (2—10%), emission-intensive pro-
cess for producing solvent, and insignificant contribution of
electricity-consuming units to the overall GHG emissions because
of the low emission factor assumed for the biomass. Antenna effi-
ciency and reservoir cEOR are the main sources of uncertainty in
the other scenarios because they have a significant impact on
electricity consumption.

As discussed in section 3, electricity comprises up to 73% of
overall energy use in ESEIEH process and hence the source of the
electricity drastically impacts the GHG emissions of this technol-
ogy. However, in steam based technologies more than 95% of
overall energy use is due to the consumption of the natural gas
[10,14]. Therefore, the main reason behind different GHG emissions
of these methods is due to the different type of energy inputs.
Furthermore, ESEIEH operates at lower tempreture compared to
steam based methods and hence consumes less energy [25].

5. Conclusion

In this study, a process simulation model was developed to

evaluate the energy and GHG emissions associated with the ESEIEH
process. The recovery process was divided into two sections,
extraction in the reservoir and separation at the surface, in order to
identify the main areas of energy consumption and emissions. For
surface separation, two pathways were developed. In the first, the
produced gases from the well are captured to minimize solvent
losses and the second considers their use as fuel in steam boilers.
The first pathway requires an additional unit to ensure the purifi-
cation of solvent. Energy consumptions in Pathways I and II are
4872 and 375.5 M]J/bbl, respectively, with corresponding GHG
emissions of 77.7 and 59.8 kg CO, eq/bbl, respectively. The first
pathway is more emissions and energy intensive. In both pathways,
electrical energy consumed by the antenna is responsible for the
largest share of overall energy consumption and GHG emissions.
Any performance improvement in the antenna would considerably
reduce the overall environmental impacts. Other sources of elec-
tricity (the proposed Alberta electricity grid mix by 2030, cogene-
ration, and 100% renewable energy) showed significantly reduced
energy consumption and GHG emissions. Since process simulation-
based models are deterministic in nature, the uncertainty in their
outcomes needs to be quantified for reliable decision-making. An
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Fig. 6. Tornado plots. (a) Current Alberta electricity mix, (b) 2030 Alberta electricity mix, (c) Cogeneration, (d) Biomass.

examination of the uncertainty results shows that probability
ranges of GHG emissions from 9.96 to 87.7 kgCO,eq./bbl, depending
on the source of electrical energy and the pathway considered. The
uncertainty results show that biomass electricity sources have the
lowest emissions and the current Alberta grid mix has the highest.
In the biomass scenario, solvent loss is the main source of uncer-
tainty, and antenna efficiency and the cumulative energy-to-oil
ratio of the reservoir are the main sources of uncertainty in
Alberta's current electricity grid mix, Alberta's electricity grid mix
by 2030, and cogeneration.
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