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FOREWORD

The scope of this study is to find solutions to minimize permafrost thaw while maximizing heat storage
using borehole thermal energy storage (BTES) technology in an arctic climate. A FEFLOW numerical
model is developed to simulate the BTES and the possible permafrost thaw mitigation techniques. The
geological and environmental conditions at Baker Lake were considered in the model.

The team of INRS and HR-ISE is selected for this study to:

1)
2)
3)
4)
5)
6)
7)
8)
9)

Define mitigation solution properties

Model Baker Lake’s geological conditions

Model Baker Lake’s permafrost and environmental conditions

Simulate one borehole heat exchanger (BHE) in a borehole field with seasonal energy storage
Test multiple mitigation solutions

Determine which solutions maximize energy storage

Determine which solutions maximize permafrost integrity

Determine a solution that maximizes energy storage while minimizing permafrost thaw
Simulate a BTES field in Baker Lake integrating possible solutions

10) Determine a solution that maximizes BTES while minimizing permafrost thaw
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EXECUTIVE SUMMARY

The study describes four types of potential permafrost mitigation solutions to BHE operation:

e Insulated Grout & Cement
e Insulated Pipes
e Thermosyphons

e Empty Upper Section Providing Air Insulation

For this purpose, mitigation solutions are divided into 2 categories depending on whether the strategy
functions as a heat storage, or ‘passive’ medium (change of grout and pipe properties or air insulation),
versus a heat transfer, or ‘active’ medium (thermosyphon). The implementation of various mitigation
strategies is tested in a FEFLOW model enclosing a single borehole with a subsurface that is
representative of the geology in Baker Lake, Nunavut. These simulations were made to determine the
best- and worst-case scenarios for permafrost thaw and BTES, in addition to the best combination of
solutions to minimize thaw while maximizing energy storage. A BTES system with 100 boreholes was
developed to test the effectiveness of solutions when the best solution is applied to every borehole vs.
outer boreholes.

Model & Mitigation Scenarios

The depth to bedrock 500 m southwest from the Baker Lake BTES project site is determined to be a
maximum of 4 m from exploration wells drilled for the QEC headquarters. Average monthly ground
temperature data from the Baker Lake Airport is analyzed and implemented in the model to simulate
seasonal freeze-thaw cycles. Available data on the porosity of the likely geological conditions at Baker
Lake are also considered. Subsurface data has been translated into the single borehole model made with
PiFreeze, a model plugin for FEFLOW that simulates latent heat generated by the phase changes of ice
to water. A methodology is established to simulate the effect of the mitigation solutions, then compare
them as a function of thermal energy storage and temperature. Four model input parameters are adjusted
to simulate the effect of the solutions:

e Thermal Conductivity of Grout
e Thermal Conductivity of Pipes

e Heat Extraction of Heat Sinks (Representative of Thermosyphons)

e Reduction of thermal conductivity and volumetric heat capacity (Representative of Air)

There are 5 scenarios of solution combinations representative of Baker Lake. The resulting evaluation of
mitigation solutions is shown below in Figure A with simulated ground temperature 0.23 m from the
borehole and in Figure B 1.67 m from the borehole. The effectiveness as a function of energy storage is
displayed in Figure C showing thermal power injected and extracted from the ground. The BTES system
does not employ PiFreeze, and results of the application of the most successful mitigation solution from
the single borehole model around both the outer edge boreholes and every borehole are presented in
Figure D.
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Determining Results

The thermal storage and subsurface temperature are evaluated from the model output, considering a 3-
year of BTES operation. Thermal energy storage is quantified in the amount of heat extracted at the end
of 3 years, and subsurface temperature is quantified in the temperature of points L-P, which are various
observations points in the model that spread radially from the center (point L, 0.23 m from the central
BHE) to the outer edge (point P, 1.67 m away from the central BHE) at the end of 3 years. For the BTES
field, subsurface temperature inside and outside of the BTES field are evaluated at points L-P (L being
at the center of the BTES field, N being 0 m from the edge of the BTES field, and P being 8.7 m from
the edge of the BTES field) at the end of 3 years. Plots of thermal energy extracted over time, as well as
temperature change through multiple points that extend radially away from the center of the models at
approximately 1 m, 2 m, and 4 m depth are analyzed and compared. Evaluation of each solution considers
the inlet temperature of the system (45 °C low temperature), the natural thermal gradient, the monthly
ground temperature changes, and the properties assigned to the BHE(s).

Limitations & Recommendations

Limitations are addressed for methods and material properties utilized in the model simulation. Finally,
recommendations for future work are also proposed to forward research on energy storage in permafrost
areas, with a specific focus on Baker Lake, Nunavut.

Overall Effectiveness of Mitigation Solution Scenarios
Using the methodology outlined above and the information presently available (Figures A — D), the
following points summarize the effectiveness of tested solutions:

¢ Changing grout does not have an effective impact on the temperature in the overburden above
the bedrock where permafrost thaw should be minimized.

e Air insulation works slightly better than VIT casing and is inexpensive; both have a significant
effect on temperature in the overburden although completely avoiding permafrost thaw in the
overburden is impossible.

e A BHE with 16 m zone of air insulation improves the effectiveness of the solution and has little
influence on the energy storage.

e Thermosyphons are effective in winter but less effective than VIT casing and air insulation in
summer to keep overburden temperature cold.

e Air insultation in the upper section of the BHE is a solution to privilege because its cost is
expected negligeable.

e Ifthere is material contact between boundaries, heat will transfer.

e Thermal conductivity is the greatest factor in determining how much the ground temperature
will increase.

e Insulating every borehole in the BTES field is slightly more effective than insulating the outside
ring of boreholes at the outer edge of the BTES field.
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Temperature (°C)

0 100 200 300 400 500 600 700 800 900 1000
Time (d)
Scenario Depth
S1 Bentonite 10%, HDPE S18 Bentonite 10%, HDPE, Thermosyphon — 0.8m
S3 Bentonite 10%, HDPE, VIT Casing S19  Bentonite 10%, HDPE, Thermosyphon & VIT Casing | ... 2m
S16 Bentonite 10%, HDPE, Air Insulation Natural Ground Temperature Without BHE —- 4m

Figure A. Ground temperature for key scenarios 0.23 m away from the central BHE (10% bentonite grout & HDPE (S1), VIT casing around

S1 (S3), air-insulation around S1 (S16), 6 thermosyphons around S1 (S18), 6 thermosyphons and VIT casing around S1 (S19)) at 0.8, 2, and
4 m depth over the course of May 2024 through May 2027.
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Figure B. Ground temperature for key scenarios 1.67 m away from the central BHE (10% bentonite grout & HDPE (S1), VIT casing around

S1 (S3), air-insulation around S1 (S16), 6 thermosyphons around S1 (S18), and 6 thermosyphons and VIT casing around S1 (S19)) at 0.8, 2,
and 4 m depth over the course of May 2024 through May 2027.
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Figure C. Power injected (negative) or extracted (positive) in the ground (kW) of the key scenarios from May 2024 through May 2027.
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Temperature (°C)

0 100 200 300 400 500 600 700 800 %00 1000
Time (d)
Scenario Depth
S21 Air Insulation (S16) outside edge of field S22 Air Insulation (S16) every BHE in field — 2m
Natural Ground Temperature without BTES S23 No Mitigation Solutions = 4m

Figure D. Ground temperature at the outermost edge of the BTES field equidistant between two outer-ring BHEs (air-insulation around S1
for the outermost boreholes surrounding the field (S21), air-insulation around S1 for all boreholes (S22), and no mitigation solutions applied
to the field (S23)) at 2 and 4 m depth over the course of May 2024 through May 2027. Some spikes appear in the lines at 2 m depth because

of the model seasonal ground temperature changes affecting the results.
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1. PERMAFROST AND ENERGY STORAGE

1.1 BTES Challenges in Permafrost

In territories such as Nunavut, Canada, thawing permafrost is a major concern. Permafrost thaw
in Nunavut can cause subsidence and degradation of surface soil and sediment integrity. This
compromise of stability can damage infrastructure such as buildings and wells in the community of
Baker Lake, and by extension the work site for this project (Figure 1.1; James et al. 2013 a&b;
Marques et al. 2011). BTES systems are associated with a risk of ground subsidence and damage when
installed in permafrost. Thaw compromises the structural integrity of the ground and may damage
the BTES system upon installation, or later. In a BTES system, heat is lost from the sides and
the bottom of the borehole. Permafrost which extends beyond the depth of the BHE may thaw as the
mean annual ground temperature (MAGT) warms because of prolonged thermal storage. Ice acts as a
cement in soils, and upon thawing compromises structural integrity (Eppelbaum & Kutasov 2019;
Kleven 2018). This is also true for loose sediments, such as glacial till or marine sediments. A deep
layer of thawed material unable to withstand the overbearing load may lead to consolidation and cause
significant surface shifts as a result (Eppelbaum & Kutasov 2019). Unfortunately, this phenomenon can
also lead to collapse of the overbearing layers when the cement properties change from a voluminous
solid to a thinner, mobile liquid.

From a BTES engineering perspective, there are two main activities that cause thaw:

1. Drilling the wells.

2. Storing thermal energy.
For a location where 5 meters of till overlay frozen bedrock, significant surficial shifts may not occur.
Unless a fracture or fault in the bedrock completely cemented by ice thaws, which is a unique scenario
that is uncommon, damage to the system from surface shifts may not be significant. Considering a
location composed of 30 m unconsolidated quaternary sediments on top of bedrock and a borehole heat
exchanger that reaches 100 m depth, thawing permafrost may become an important problem.

Should 30 m continuous permafrost thaw, three scenarios (Figure 1.2) may occur:

A. The frozen layer underlying the 30 m of thawed sediment will act as a solid, slick surface for slip
to occur, causing local mud slides and other deformation (A) (Kleven 2018; Hannus 2016).

B. The overbearing 30 m of thawed material may become consolidated and cause significant surface
shifts and compression (B) (Eppelbaum & Kutasov 2019; Kleven 2018; Hannus 2016).

C. The permeability of the layers may change, changing the flow and heat transfer mechanisms
evolving from conductive (C(a)) to unpredictable convective (C(b)).

These scenarios could damage the BTES system and incur costly repairs.



Figure 1.1 A. Canada, with Nunavut pictured. The red box is the area of focus for map (adapted from McMartin et al. 2021). B. Map of
glaciogenic features. Work site indicated by red star (general area; adapted from McMartin et al. 2021). C. Map of infrastructure, Baker Lake.
Work site indicated by red star (general area; adapted from Municipality of Baker Lake 2022) Google Earth spatial map, Baker Lake (adapted
from Google Earth 2022). D. The Baker Lake Community, Nunavut, Canada (adapted from FVB Energy 2021).
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Figure 1.2 Three scenarios of thawing permafrost with a BTES system. A. Slip of a thawed permafrost layer on top of a frozen bedrock layer.
B. Compaction of consolidated thawed permafrost. C(a). Conductive conditions. C(b). Convective conditions.



1.2 Project Purpose

The transition from diesel to geothermal inspires further questions, especially when envisioning
underground heat storage in regions with an arctic to subarctic climate. How should energy be stored in
a permafrost region, and what is the extent of permafrost thaw caused by that storage? To store energy,
it is typical to install borehole heat exchangers (BHEs) and borehole thermal energy storage systems
(referred to as BTES systems) in the subsurface. This installation lays the foundation for seasonal district
heating. With the implementation of a district heating system, Baker Lake may be able to reduce reliance
on diesel fuel (FVB Energy 2021). Qulliq Energy Corporation (QEC) and RESPEC are investigating the
feasibility of the implementation of BTES in the community of Baker Lake. This system is being
designed to capture waste heat from water-jackets, aftercoolers, and other exhaust of the community’s
power plant to be stored in the ground during seasons with low demand and extracted during seasons
with high demand (FVB Energy 2021).

The purpose of this study is to evaluate solutions to minimize permafrost thaw while maximizing heat
storage using BTES technology. FEFLOW is utilized to numerically simulate permafrost thaw mitigation
techniques, as well as model the ground temperature fluctuations beneath the work site at Baker Lake. It
is the objective of this work to explore permafrost thaw mitigation solutions that may minimize
permafrost thaw while maximizing heat storage with BTES. Using permafrost thaw mitigation strategies,
it may be possible to overcome engineering challenges relating to permafrost. Previous technologies
developed to reduce or entirely dissuade permafrost melt have already been implemented in many
subarctic communities (Fatollahzadeh Ghesari 2021; Xu & Goering 2008).



2. BACKGROUND
2.1 Borehole Heat Exchangers

BTES systems are composed of borehole heat exchangers (BHEs). BHEs are systems of pipes that
are installed vertically in the ground. They are responsible for funnelling heat via heat carrier into
the ground so that energy may be stored and extracted by the interactive system of BHEs, otherwise
called the BTES field. The most common borehole heat exchanger in shallow boreholes, being
400 m or less, are single or double U-tubes (Silwa et al 2018). U-pipe or U-tube heat exchangers
are comprised of two tubes joined at the base in a “U-shape” configuration (Bauer et al. 2011).
These U-shaped pipes are grouted in boreholes with various diameters. In northern
communities, it is common to see boreholes with smaller diameters, such as 75 mm, that have
been drilled with diamond drills (Kanzari 2019). Modifications to BHEs can be implemented to
change the thermal conductivity of the system and allow less heat from escaping the BHE to the

ilffoundnﬁs)lutions to Mitigate Permafrost Thaw

Two permafrost thaw mitigation solutions are defined. ‘Passive’ mitigation solutions are any
materials that can be used passively as an insulator, such as bentonite grout, insulated piping or an
ungrouted borehole with air in the upper BHE section (Figure 2.1). ‘Active’ mitigation solutions
are any devices that can be installed to actively transfer heat from a heat source to a heat sink, such
as thermosyphons (Figure 2.2). Heat transfer mechanisms play an important role in all solutions.
The main difference between ‘passive’ and ‘active,” for the purpose of this report, is ‘passive’
solutions are heat-storage mediums while ‘active’ solutions are heat-transport mediums.
Combinations of various strategies to keep permafrost cold are implemented in areas where
infrastructure alters the natural thermal gradient of the surroundings.
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Figure 2.1. U-Tube BHE constructed with HDPE insulated pipe, grouted in bentonite.
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Figure 2.2. Two-Phase Closed Thermosyphon. Based on model from Pei et al. 2017.

2.2.1 Passive Solutions
2.2.1.1 Insulated Pipes

One solution to mitigate permafrost thaw is to use insulated materials in the construction of BHEs
and BTES. Polyethylene is a material that serves as an insulator (Fatollahzadeh-Ghesari 2021;
Saaly et al. 2020; Schulte et al. 2016). High-density polyethylene pipes (HDPE) have been used
in BHEs because the material is resistant to corrosion. They operate durably with various fluids
from -34 °C to 82 °C (Holmberg et al. 2016). HDPE piping may be a viable option for maximizing
heat storage, but it may not preserve permafrost conditions because the thermal conductivity is not
low enough to prevent heat from propagating into the permafrost. PVC pipes have a lower thermal
conductivity than the previously mentioned materials (Table 2.1). Additionally, they also can work
with fluid temperatures between -18 °C to 60 °C (Mendrinos et al. 2016). Therefore, PVC has been
utilized to test mitigation solutions in the modelling process. Vacuum insulated tubing (VIT) is
another material that is used to reduce the heat losses from transport of hot fluid in coaxial deep
BHESs (dBHEs; Gascuel et al. 2022). VIT may also be able to maximize borehole energy storage
while minimizing permafrost thaw if applied between the sediment-to-grout contact as a casing.

Thermal conductivity values in conjunction with economic parameters for each material are listed
in Table 2.1.



Table 2.1. Properties for different pipe materials. Abbreviations refer to inlet pipe diameter (din),
outlet pipe diameter (dout), inlet pipe thickness (%in), outlet pipe thickness (%ou), and effective
thermal conductivity of the material (1), and custom measurements (c).

Pipe din dout  hin  hout y) Bulk Price Source
mm mm mm mm W/m/K
HDPE 32 32 3 3 0.42 1300 Euro/ton 65
PVC 32 32 24 24 0.23 800 Euro/ton 65
VIT c c c c 0.037 $150 CAD/m to 175 CAD/m 32

2.2.1.2 Grout and Cement

In the case of borehole heat exchangers (BHEs), thermally insulated grout, such as bentonite grout,
prevents excessive loss of thermal energy into the surficial material at the top of the borehole
(Schulte et al. 2016). When looking for viable grout solutions in permafrost zones, it is important
to determine whether the grout will crack, or become unstable, after multiple freeze-thaw cycles.
Mechanical shock tests are representative of the stress that occurs during a natural, seasonal freeze-
thaw cycle (Xie et al. 2018). Mechanical stresses applied to cured bentonite slurry samples indicate
that the slurries with 10% bentonite show a similar compressive strength to more commonly used
cements (Xie et al. 2018). A list of grouts and their thermal conductivity is given in Table 2.2.

Table 2.2. Thermal conductivity of grout materials.

Grout y)
W/m/K
Bentonite 10% 0.7
Bentonite 10% 1.4
Bentonite/Cement/Sand 15-20% 0.7
Thermal Grout 1.47
Till 2

2.2.1.3 Empty Borehole Providing Air Insulation

The final passive scenario simulated is a borehole drilled to 100 m depth, but instead of grouting
the BHE in the upper section air is used as an insulator (Figure 2.3). In the upper section, which
is at least equivalent to the depth of the sedimentary layer, the BHE is left standing in open air
inside of the borehole. Applying this air insulation removes the thermal contact between the BHE
and the surrounding geological materials. Without this direct contact, it is difficult for heat to
transfer from the BHE to the heat-sensitive sediments. The difficulty stems from air’s naturally
reduced volumetric heat capacity and thermal conductivity. In removing grout from the sediment
zone of the BHE, the hope is to completely reduce heat transferred between the BHE and the
sediments.

Table 2.3. Thermal conductivity of air.
Grout A

W/m/K
Insulation with Air 0.02
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Figure 2.3. Borehole displaying air insulation inside of a borehole containing a grouted BHE.

2.2.2 Active Solutions
2.2.2.1 Thermosyphons

Thermosyphons are a technology widely used to mitigate permafrost thaw caused by seasonal
temperature variations. Thermosyphons utilize air convection to inject air into the ground. They
are capable of extracting heat from embankments and other ground structures in winter at a faster
rate than heat can bleed into the subsurface during warmer months (Pei et al. 2017; Xu & Georing
2008; Reid et al. 1975). To achieve this heat transfer, air is pushed through the thermosyphons.
The traditional thermosyphon operates by allowing cool air in winter to reach deeper areas of
warmer ground. Essentially, warm air rises in the tube while frigid air sinks. “Turing
thermosyphons off” in the summer is made possible by closing the tube when the temperature of
the air exceeds that of the ground. Doing so prevents warm air from entering the subsurface.

23 Materials of the Work Area

The north-western segment of Baker Lake is the focus area for this study. The work site is situated
on the edge of the town, at the tail end of the CFZ. A fault runs through the community. The most
likely bedrock in the area is granite and gneiss, with thermal conductivity values that reflect that
of the Canadian Shield. The surficial sediments in this area are primarily glacial deposits, ranging
from 1 to 20 m in depth with upper till of 2 to 4 m thickness overlaying 10 m of lower till in some
crevasses (McMartin et al. 2021; Cunningham & Shilts 1977). According to a report prepared by
Canadrill Limited Geotechnical Division (2019), the site is located within a low area between
two bedrock ridges. These ridges act as a valley for sediments to be deposed in. The drill logs of
piles on the site location indicate that the average depth of sediments 500 m from the site was
3.2 m, and the depth at each pile ranges between 2.3 to 4 m depth. Primary materials that



can be expected are silty-gravelly till, sand and gravel, silt, clay, and exposed bedrock. The depth
to bedrock is summarized in APPENDIX 1, with approximately 300 mm or more of
variance. While the Canadrill Limited Geotechnical Division report (2019) is of a project in an
area that was 500 m away in the southwest direction from the main site, the summary of the
conditions is likely reasonable for this project’s site.

24 Permafrost Conditions

Baker Lake is an area of continuous permafrost (Throop 2012; Smith & Burgess 2002). There is
no significant drainage and therefore no water passes through, above, or near the site (Canadrill
Limited Geotechnical Division 2019). The thickness of the active layer of permafrost
in Baker Lake varies between locations. Near the Thelon River, the active layer of permafrost
extends 0.75 m depth, while near the Kiggavik mine site permafrost extends anywhere from
0.15 to 6 m (Smith & Burgess 2002). Therefore, an active layer depth of 0.15 to 6 m is
reasonable to expect.

From 1981 to 2010, the mean annual air temperature over approximately 30 years (MAAT) was
determined to be -11 °C while the mean annual ground temperature (MAGT) was determined to
be -7 °C at the ground surface based on reports from Tetra Tech (Smith et al. 2013), which also
provided a range of past temperatures (Canadrill Limited Geotechnical Division 2019).
Another study of permafrost in the Baker Lake area determined the MAGT to be -7.9 °C at the
ground surface, a similar value to that recorded by Tetra Tech (Smith et al. 2013). Baker Lake
has periods in the summer where the ground temperature is warmer than the freezing
temperature. The overlying soils and glacial till at the site can be excavated, if the sediments are
thin, and repurposed as overlying insulation.

2.5 Baker Lake’s BTES
2.5.1 Heating Needs

The heating needs of Baker Lake, as provided by FVB Energy in their feasibility study on the
installation of a district heating system in Baker Lake, are provided in APPENDIX (2021). A small
three-row housing unit is predicted to have a maximum load of 90 kW in peak conditions and an
annually energy consumption of 380 MWh. Jonah Amitnaaq High School currently has the highest
maximum predicted peak load of 295 kW totalling an energy consumption of 1,220 MWh over a
year. To heat all buildings in the proposed plan, a peak load of 2020 kW is required. The report
also concludes that Baker Lake will experience 3,913 full load hours on yearly average (FVB
Energy 2021).

2.5.2 System Parameters

This BTES system will inject heat into the middle of the field and extract from the outer end of
the circular borefield (Figure 2.4). For this work, the BTES system is assumed comprised of U-
tube borehole heat exchangers that are 100 m in depth, with an inlet temperature of 45 °C in the
summer, and -5 °C in the winter. The flow rate is 11.2 US gpm for all BHEs, and the flow reverses
between heat injection and extraction seasons. The projected run time of this system is six months
in the summer and six months in the winter. The system is expected to operate 24 hours a day
during every day of the week. The borehole diameter is 0.15 m, the spacing is 0.04 m, and the U-
tube material is HDPE. The installation of the BTES system preludes the creation of an energy
transfer station for a district heating system (DHS) in Baker Lake. This system will connect clusters
of customers across the community to a heating network once completed.
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Figure 2.4 BTES System hypothetical model, where BHEs (red points) are arranged with a
spacing of approximately 4 m on the outer ends, and closer towards the middle.

A single BHE model is first developed with a circular geometry to facilitate computations that can
take a long time with 100 BHEs. The borehole fits the constraints of a northern system and has the
appropriate diameter to reflect a diamond-drilled borehole of 75 mm that could be installed in
Baker Lake (Figure 2.5). The flow rate is 11.2 US gpm if the BHE has HDPE pipes, and 11.3 US
gpm if the BHE has PVC pipes. The single BHE runs for 6 months with an inlet of 45 °C, from
the months of May to October, and then at -5 °C for 6 months from November to April. These
seasons of injection and extraction are chosen to best reflect the seasonal temperatures at Baker
Lake. Seasonal ground temperature changes are imposed to reflect atmospheric temperature
variations, and PiFreeze is used to calculate latent heat phase changes from freezing and thawing
ice.
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Simple Model (Summer Heat Injection) BHE Schematic: Cyllinder
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Figure 2.5. Conceptual model of the cylindrical U-Tube BHE.
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3. METHODOLOGY

3.1 Single BHE & BTES Numerical Models

The BHE and BTES numerical models are developed in FEFLOW groundwater and heat transport
modelling software (Diersch 2014). The PiFreeze plugin is used to simulate freezing and thawing
of ice in the single BHE numerical model (MIKE 2016). PiFreeze is not utilized in the simplified
model of the whole BTES field to reduce computation time. From this point on, italicized
characters are input variables, non-italicized characters are non-numerical, and characters without
an assigned unit are dimensionless.

3.2  Conceptual Model
3.2.1  Single BHE

A 3D cylindrical-shaped model is used for the initial simulations of the single BHE model (Figure
3.1). The model has a radius of 2 m and a total length of 200 m. In scenarios 1 through 19, the first
4 m of the model are defined as quaternary sediments (glacial till) and the remaining 196 m extent
of the model is gneissic bedrock (Figure 2.5). In scenario 20, which is a scenario with 20 m of
sediments and 20 m of air insulation around the central BHE in the single BHE model, sediments
extend to 20 m and gneiss constitutes the remaining 180 m of the model. This model is used to
mimic a single BHE located in the middle of a BTES field (Figure 3.2). A borehole in a BTES
field spaced 4 m away from neighbouring boreholes will encounter a distance between the nearest
borehole at which no heat transfer occurs. This distance is 2 m assuming the ground is
homogeneous and is the equidistance between the two BHEs. To simulate this effect, the model is
circular and has adiabatic boundaries. The adiabatic boundaries are imposed by FEFLOW, as no
positive or negative effect is applied via boundary conditions to the model. If no boundary
condition is applied to the sides, top, or bottom of the model, FEFLOW automatically assumes the
boundaries are adiabatic. The initial state of the model has a constant temperature of -7 °C applied.
The transient state of the model has a changing ground temperature that is applied at the surface
of the model. A fluid flux of 0 is applied to the top of the model to restrict fluid flow. Applying
this parameter to the top of the model sets the fluid flux to 0 in the vertical faces of the model,
extending the condition from 0 — 200 m. The vertical side boundaries in the model have no fluid
flux. A constant heat flux condition is applied to the bottom of the model.
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Figure 3.1. A) Boundary conditions applied to the model, with the height and radius of the model included. No flow occurs in the model
because of the applied flow condition, and heat transport from the base of the model radiates to the top of the model. B) Temperature
boundary condition (constant) is a first type Dirichlet condition applied to the top of the steady-state model. C) Temperature boundary
condition (transient) is a first type Dirichlet condition applied to the top of the transient-state model.
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Figure 3.2 A) Center of the borehole field with 6 BHEs surrounding 1 central BHE. B) Snapshot of heat exchange between the central
BHE and surrounding BHEs with a focus on the bottom right BHE. C) Diagram of the boundary at which no heat is exchanged between
boreholes; the same amount of heat is radiated from each point when the BHEs are equidistant.
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322 BTES

A 3-D rectangular model is used to run the BTES simulations (Figure 3.3). The model is 100 m
wide and 50 m long. The layer spacing is refined in the BTES region and extended below the
BTES field to decrease computation time. The whole model is defined as 4 m of glacial till
sediment on top of 46 m of gneissic bedrock to simplify the computation demand for a large BTES
field. This model proposes a hypothetical model of a BTES field in Baker Lake sedimentary and
temperature conditions. The distance between each BHE is approximately 4 m until the central
two rings of BHEs, where the distance becomes closer. To simulate no fluid flow, equal head
boundaries have been applied to either side of the model on opposing vertical boundaries. The
initial state of the model has a constant temperature of -7 °C applied. The transient state of the
model has the same changing ground temperature as the single BHE model, that is applied across
the entire top surface of the model.
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Figure 3.3 A) Boundary conditions applied to the model, with the height and length of the model included. Negligible flow occurs in
the model because of the applied head condition on the vertical sides, and heat transport from the base of the model radiates to the top
of the model. B) Temperature boundary condition (constant) is a first type Dirichlet condition applied to the top of the steady-state
model. C) Temperature boundary condition (transient) is a first type Dirichlet condition applied to the top of the transient-state model.
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3.2.3 Governing Equations — Numerical
3.2.4 Fluid Flow

The single BHE model is built employing Richard’s equations to simulate flow in an unconfined
aquifer. Zero fluid flux boundaries were used to minimize the impact of groundwater flow:

dh a
$So5 +e5 +V g = Qp + Qros @)

q= _erfu - (Vh + xe) (2)

where s is saturation of fluid in the void space, So is the specific storage coefficient (m™), 4 is the
hydraulic head (m), ¢ is time (s), ¢ is the volume fraction porosity (void space), Ob is the bulk
source/sink term for flow (m s'), and Qros is the correction sink/source term of extended
Oberbeck-Boussinesq approximation (s™). In calculating ¢, the Darcy velocity (ms™), K is a tensor
of hydraulic conductivity (m s~ 1), fu is the viscosity relation function, y is the buoyancy coefficient,
and e is the gravitational vector. This is the basic form of the Richard’s equation in Diersch’s
FEFLOW white papers (2014).

The PiFreeze module plugin operates using the Richards’ equation to account for an ice phase in
the porous medium. The ice phase relies on the bulk volume fraction of available pore space
(MIKE 2016). As the ground is thawed or frozen, the water to ice ratio is calculated at given time
steps. The two characteristics of this relationship that induce the biggest alterations to the model
are the porosity of the medium, the saturation of the model, the hydraulic head, and the hydraulic
conductivity of the material. Applying Richards’ fluid flow in a fully saturated model allows
PiFreeze to make the following modifications to the bulk porosity:

1) The Richard’s equation bulk porosity:

gtete, =1 3)

where € is the flow accessible volume fraction, g; is the ice volume fraction, g is the liquid volume
fraction, € is the solid fraction and €, is the air fraction (Clausnitzer & Mirnyy 2016, MIKE 2016).

2) The bulk fraction of ice is treated as a fraction of the solid bulk porosity when the model
is fully saturated (MIKE 2016). The ice porosity changes the equations for liquid porosity
and solid porosity to:

<P(€1+Si)z—;

g = ——F7—p~ 4)
1-o(1-71)

g = A-p)ate) (5)

_ _ﬂ)
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where p; is the density of ice (kg m™), p, is the density of fluid (kg m™), and ¢ is the ice fraction
(Clausnitzer & Mirnyy 2016; MIKE 2016).
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The BTES field model is run with a first-order accurate predictor-corrector scheme because it is a
confined fluid flow model. For the purposes of the BTES field, the Darcy equation is used as the
flow governor (Equation 5-9):

kik (6)
a=——r (7' -plg)
where g, is the momentum of the liquid phase, k! is relative permeability of the liquid phase (1), &
is porous medium permeability tensor (m?), ¥ is a gradient vector (m™), p! is pressure of the liquid
phase (kg m™' s?), p! is density of the liquid phase (kg m™), g is the gravity vector (m s?2), and '
is liquid viscosity (kg m's!; Diersch 2014).

3.2.5 Heat Transfer

The heat transfer through both the BTES and BHE models is expressed by the following equation,
which is composed of both convective and conductive parts:

0 ... 0 oT (7)
ach+—ax_(pcql)—— i 3, = O
1

where ¢ is time (s), p?c? is the Volumetric heat capacity of the medium (Jm > K™), x1 is the eulerian
spatial coordinate vector (m), pfcfis the volumetric heat capacity of the fluid (Jm = K ™), g; is the
Darcy velocity vector of the fluid phase (m s™), T is the temperature of the media (K), Q; is the
source/sink heat function (kg m™! s7%), and Aj; is the tensor of hydrodynamic thermodispersion
(kg m s K!), which is expressed in Equation 8:

qig; )

Vg

Aij — Aijcond+Ai]_diSp — Aaaij + pr a; q61] + (aL _ aT)

where A;; cond s the conductive part of the tensor, A;; disp s the dispersive part, A is the bulk thermal
conduct1v1ty of the ground (W m!' K1), dj; is the Kronecker tensor (6;= 1 for i=)), a; is the inlet
dispersion (m), V; is the absolute Darcy ﬂuid flux (m s™), ay, is the longitudinal dispersivity (m),
ar is the transverse dispersivity (m), and g; a vector of Darcy velocity similar to g; (m s'!; Le Lous

et al. 2015). The ice fraction in the single BHE model alters the original equations used to calculate
the bulk thermal conductivity and heat capacity in the conductive heat transport equation:

19



pac® = gpfcf + (1 — e)epScs ©)
2=elf+ (1 - (10)

where ¢ is the volume fraction, pSc® is the volumetric heat capacity of the solid (J m> K "), A is
the thermal conductivity of the fluid (W m™' K!), and A% is the thermal conductivity of the solid
(Wm'K'; Le Lous et al. 2015).

1) In the presence of ice, the effective thermal conductivity in the heat transfer equation is
represented by:

A =gl + g + €44 1)

de; 0@ (12)
C = 8161 + gsCs + giCi - plLfa_(plﬁ

where A is the effective thermal conductivity of the material (W m™ K!), C is the effective
volumetric heat capacity (MJ m™ K™), Ci is the volumetric heat capacity of the fluid, Cs is the
volumetric heat capacity of the solid, Ci is the volumetric heat capacity of ice, and L is the latent
heat of fusion (J kg'!'; Clausnitzer & Mirnyy 2016; MIKE 2016).

The heat equations for calculating bulk thermal conductivity and volumetric heat capacity rely on
the effective porosity (heat; Diersch 2014). For the purposes of the single BHE model, the flow
porosity has been set to 11071 to ensure no fluid flow through the model. Heat transport
porosity is still assigned as the correct material properties. The saturation has been set to 1 to ensure
full model saturation of the remaining pores available for heat transfer. The BHE is implemented
in FEFLOW with 1D elements at the center of the model domain. Calculations for BHE and BTES
simulations utilize the Eskilson method (Diersch 2014). Heat transfer between grout and pipes
progresses as displayed in Figure 3.4.
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Figure 3.4 Heat flow direction of subsurface to grout, grout to pipes, and pipes to fluid in the
winter heat extraction season.

3.3 Spatial and Temporal Discretion

The single BHE model is a 3D model generated from a 2D Delaunay triangular mesh. The model
is configured with 0.4 m spaced 3D layers. There are approximately 156,000 elements in the
model. The horizontal mesh surrounding the BHE is built in a way that ensures the borehole radius
is not affected by the virtual radius by imposing a nodal distance between the BHE node and the
closest surrounding nodes (Giordano et al 2019; Diersch et al. 2011). The 3D geometry is built in
FEFLOW by adding slices to the model (Figure 3.5). A horizontal, vertical, and time step mesh
independence study is then carried out to ensure that the model has the right number of layers and
slices. The settings with an output that does not yield results that vary significantly (>1 °C) from
the nearest refined setting is selected. For the purposes of this model, a first-order accurate
predictor-corrector scheme is used.

21



Figure 3.5 Horizontal and vertical meshes in the BHE model. Red asterisks are discretized BHE
nodes.

The BTES model is a 3D model generated from a 2D Delaunay triangular mesh (Figure 3.6). The
model is configured with 1 m spaced 3D layers for slices 50 — 32. For slices 32 — 0, the spacing
between layers is 5 m. There are approximately 400,000 elements in the model. The borehole
radius is not affected by the virtual radius in this mesh (Giordano et al 2019; Diersch et al. 2011).
A horizontal, vertical, and time step mesh independence study is carried out to ensure that the mesh
does not influence the model results. For the purposes of this model, a first-order accurate
predictor-corrector scheme is used.

22



w
-

E

Figure 3.6 Horizontal and vertical meshes in the BTES model. Blue asterisks are discretized BHE
nodes.

3.4 Properties of the Medium

The thermal properties of each material (Table 3.1) are based on the work of Giordano et al.
(2018), Miranda et al. (2020 In progress). The heat capacity (HC), volumetric heat capacity (VHC)
and thermal conductivity (TC) are the thermal properties of the solid. The FEFLOW default values
for ice and water are used but only influence the heat transport portion of the model (Table 3.2).
The values for ice and water in terms of flow are negligible because the unconfined flow porosity
is reduced, and zero fluid flux is applied to the single BHE model. In the case of the BTES model
a constant head boundary is applied, so fluid and solid water materials influence both parts of the
model. These boundary conditions ensure minimal fluid flow in the models. The thermal properties
of ice and water are the following values of ice and water in the FEFLOW PiFreeze plugin; the
thermal conductivity of water has been adjusted for water at 1 °C (MIKE 2016; Diersch 2014;
Ramires et al. 1995). The thermal properties of the solid are input into both models as material
parameters. These properties influence the operation of heat transport in the models. The freezing
function applied in PiFreeze is constant, with a linear function type. Ice freezes at 0 °C in the single
BHE model, with a half of delta temperature of 1, and residual liquid fraction of 0.0001.

Table 3.1 Model material properties. Specific storage (S), porosity (P), hydraulic conductivity (K),
volumetric heat capacity of the fluid (cf), density () and latent heat (H).

Material K (x,y,z) S P p3c? y)
md’! m! % MIm3K! Wm'K!
Gneiss 1-107° 4.6-10"%  0.056 2.437 2.667
Glacial Till 1-10"* 3.68-107* 0.25 2.99 1.57
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Table 3.2 Model ice & water properties. Temperature of the fluid/solid that these properties apply
to (Environment), density () and latent heat (H)).

Material Environment T pic? A Y/ H,
°C MIm?K!' Wm!K! kegm?® Jkg'!
Water 1 4.2 0.5606 1000 -
Ice <0 1.86 2.2 917.5 334000
Air -11 0.0013 0.0235 - -
3.5 BHE

A U-tube BHE is selected to run the single borehole mitigation solution simulations. Various
grouts and pipe materials are considered for the BHE. The spacing of the pipes remains constant
(Figure 3.7). The borehole size, pipes, grout, heat transfer fluid, and thermal conductivity/heat
capacity variables are edited with an internal BHE editor module. For the base model, the grout is
an arbitrary value of 1 and the pipes are the FEFLOW default settings for high-density
polyethylene (HDPE) (Table 3.3).

Table 3.3 Parameters for the BHE from Scenario 1.

Shape Single U-shape
Inlet Temperature Injection 45 °C
Inlet Temperature Extraction -5 °C
Flow Rate 11.2 US gpm
Borehole Diameter 0.0754 m
Pipe Distance 0.038 m
Pipe HDPE
Inlet Pipe Diameter 0.032 m
Inlet Pipe Wall Thickness 0.003 m
Outlet Pipe Diameter 0.032 m
Outlet Pipe Wall Thickness 0.003 m
Inlet Pipe Thermal Conductivity 0.42 W m! K!
Outlet Pipe Thermal Conductivity 0.42 Wm'! K!
Grout Bentonite 10%, in water
Grout Thermal Conductivity 0.7 Wm'! K!
Refrigerant 20% Ethyl Alcohol solution
Freezing Point -10.92 °C
Saturation Properties Temperature -5 °C
Refrigerant Volumetric Heat Capacity 4.373 MJ m?3 K!
Refrigerant Thermal Conductivity 0.4435 Wm!K!
Refrigerant Dynamic Viscosity 0.007425 103 kgm! st
Refrigerant Density 976.75 10° kg! m
Reynold's Number 4081.1 -
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0.075m

Top View

Figure 3.7 Dimensions of the BHE implemented in the single borehole model in FEFLOW (sketch
showing summer injection season).

U-tube BHE:s are also selected for the BTES simulation, but the borehole properties are simplified
to decrease computation time and the borehole size is increased (Figure 3.8). For the base model,
the grout is made of 10% bentonite in water and the pipes are the FEFLOW default settings for
high-density polyethylene (HDPE) (Table 3.4). The working fluid is 20% ethanol.

Table 3.4 Parameters for the BHEs from the BTES field.

Shape Single U-shape
Inlet Temperature Injection 45 °C
Inlet Temperature Extraction -5 °C
Flow Rate 11.2 US gpm
Borehole Diameter 0.15 m
Pipe Distance 0.04 m
Pipe HDPE
Inlet Pipe Diameter 0.032 m
Inlet Pipe Wall Thickness 0.003 m
Outlet Pipe Diameter 0.032 m
Outlet Pipe Wall Thickness 0.003 m
Inlet Pipe Thermal Conductivity 0.42 Wm!K!
Outlet Pipe Thermal Conductivity 0.42 W m'! K!
Grout Bentonite 10%, in water
Grout Thermal Conductivity 0.7 Wm'!K!
Refrigerant 20% Ethyl Alcohol solution
Freezing Point -10.92 °C
Saturation Properties Temperature -5 °C
Refrigerant Volumetric Heat Capacity 4373 MJ m?3 K!
Refrigerant Thermal Conductivity 0.4435 Wm!K!
Refrigerant Dynamic Viscosity 0.007425 10° kgm! st
Refrigerant Density 976.75 10° kg!' m
Reynold's Number 4081.1 -
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Figure 3.8 Dimensions of the BHE implemented in the BTES field in FEFLOW (sketch showing
winter extraction season).

For modelling the operation of the BHE and BTES field, two periods are simulated that span six
months each. The charge period is during which heat is injected in the ground. The discharge
period is the period during which heat is extracted from the ground. Charge and discharge periods
are imposed according to seasons. ‘Summer’ is the charge period and ‘winter’ is the discharge
period. The ‘summer’ season starts at the beginning of the first day in May and ends at the end of
the last day in October. Conversely the ‘winter’ season begins at the start of the first day of
November and ends on the end of the last day in April (Table 3.5).

Table 3.5 Heat injection and Extraction periods over 3 years.

Years Season  Day Period 1% day of mo.
2024  summer 0 Inject May
2024 winter 184  Extract Nov.
1 2026  summer 365 Inject May
2026 winter 549 Extract Nov.
2 2027  summer 730  Inject May
2027 winter 914 Extract Nov.
3 2027  summer 1095 Inject May

3.5.1 Boundary and Initial Conditions
3.5.1.1 Single BHE

A surface zero fluid flux is imposed to the top of the model to avoid water infiltration. Lateral
boundaries are zero fluid flux boundaries to eliminate lateral groundwater flow and simulate a
similar effect of equal head boundaries. By applying this condition laterally, FEFLOW
automatically assumes 0 fluid flux along the vertical sides of the model, eliminating fluid flow. A
constant heat flow value of 45 mW m™ (Minnick et al. 2018) is imposed as a lower boundary
condition and a constant surface temperature (-7 °C), based on the most recent measurement from
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TetraTech, is imposed as upper boundary condition to obtain the initial conditions for steady
state simulation (Canadrill Limited Geotechnical Division 2019). The initial condition (i.e., the
geothermal gradient) used for subsequent transient simulations of ground surface temperature
changes is obtained by doing a steady state simulation. Afterwards, a time-dependent surface
temperature is imposed as upper boundary condition to simulate the seasonal surface
temperature variations (Figure 3.9). These seasonal variations can have an impact on the
BTES and therefore must be considered. The transient heat conduction model is then run for 1
year and the results obtained at the end becomes the initial condition for transient BHE
simulations. The seasonal ground temperatures based on average monthly air temperatures are
used to create the time series for the time-dependent surface temperature. These temperatures are
recorded by the Baker Lake A station, spanning a period of 29 years from 1981 to 2010, and
can be found in the directory of Canadian Climate Normals (Government of Canada 2022).
The average monthly ground temperatures are calculated with Equation 12:

T, = 17.898 + 0.951Tamp (13)

where Tg is the ground temperature (K) and 7amb 1s the ambient temperature (K; Miranda et al.
2021, Ouzzane et al. 2015).
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Figure 3.9 MAGT (mean annual ground temperature), AAT (ambient annual temperature) and
AGT (average ground temperature) in Baker Lake.

3.5.1.2 BTES Field

The same heat flux and temperature initial and boundary conditions are applied in the same way
to the entire BTES field. The only difference between the BTES field and single BHE model
boundary conditions is that a hydraulic head is applied instead of a fluid flux boundary condition
to both the steady state and transient simulations. The hydraulic head boundary condition on the
left side of the model is 50.1 m, while on the right side of the model it is 50 m. Simulating non-
equal head boundaries creates a small amount of fluid flow that may be typical of natural ground.
Applying the condition in this way creates negligible fluid flow in the model throughout the
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simulation, as the Darcy Flux is restricted to a maximum order of 1 - 107¢ md™'. For the system to
remain conduction-ruled, ¢ < 8.7 - 10~ m/s (Ferguson 2015).

3.6 Mitigation solutions
3.6.1 Grout and pipes

The grout and pipes properties are specified in FEFLOW’s BHE dataset editor. The diameter,
thickness, and thermal conductivity of the pipes is varied with the BHE editor. The thermal
conductivity of the grout is also varied. The volume of grout added as insulation is equivalent to
the volume and depth of the borehole specified in the BHE dataset editor (Table 3.5). The thermal
conductivities of grout and pipes of given materials are taken from the Earth Energy Designer
database (Sanner & Hellstroem 1997).

Table 3.6 Scenarios defined by combinations of mitigation solutions.

Scenario Grout Pipe Grout 4 Pipe 4
# Wm!'K!' Wm'!K!
1 Bentonite 10%, in Water HDPE 0.7 0.42
2 Bentonite 10%, in Water PVC 0.7 0.23
4 Bentonite 20%, in Water HDPE 0.6 0.42
5 Bentonite 20%, in Water PVC 0.6 0.23
7 Bentonite/Sand HDPE 1.5 0.42
8 Bentonite/Sand PVC 1.5 0.23
10 Thermal Grout HDPE 1.47 0.42
11 Thermal Grout PVC 1.47 0.23
13 Till HDPE 2 0.42
14 Till PVC 2 0.23

3.6.2 VIT Casing & Air Insulation

VIT is assumed as a casing of the BHE for a mitigation solution of the following scenarios because
of its very low thermal conductivity. The casing is simulated by assigning VIT thermal
conductivity (Table 3.6) around the borehole (Figure 3.10). The size of the central hexagon where
the VIT thermal conductivity is assigned is a hexagon with endpoints that are 0.23 m from the
BHE node to each outer node. The depth to which the VIT thermal conductivity is assigned is 4
m, which corresponds to the depth of the overburden.

Table 3.7 Thermal conductivity of VIT casing and grout in VIT casing scenarios.

Scenario Grout Pipe Casing Groutd Casing A
# Wm!'K! Wm'K!
3 Bentonite 10%, in Water HDPE  VIT 0.7 0.037
6 Bentonite 20%, In Water HDPE  VIT 0.6 0.037
9 Bentonite/Sand HDPE VIT 1.5 0.037
12 Thermal Grout HDPE  VIT 1.47 0.037
15 Till HDPE VIT 2 0.037

28



Figure 3.10 Area in the model where the VIT casing is assigned (yellow shading). The red
asterisks are the BHE discretized nodes.

To create a model that simulates air between the grout and sediment contact, model properties for
air are assigned to the elements spanning a radial distance of 0.23 m in approximate length from
the BHE central node (Table 3.8). This strategy is also used to assign VIT properties to the BHE
as described previously. A second scenario is run to determine the effect of air insulation that
extends to a greater depth; instead of 4 m of vertical air insulation, 16 m of vertical air insulation
is assigned to the single BHE model in scenario 17.

Table 3.8 Thermal conductivity of air insulation and grout in the air scenario for the single BHE
model.

Scenario Grout Pipe Insulation Grout 4 Insulation A
# Wm!'K!' wm!K!
16 Bentonite 10% HDPE  Air (4 m) 0.7 0.0235
17 Bentonite 10% HDPE Air (16 m) 0.7 0.0235

Air insulation is also assigned to the first 4 m of the BHEs in the BTES field to test the effectiveness
of using the solution on the outer edge of the borefield versus the center of the field (Table 3.9).

Table 3.9 Thermal conductivity of air insulation and grout in the air scenario.

Scenario Grout Pipe Insulation BHEs Grout A Insulation 4
# # Wm!'K! wWm!K!
21 Bentonite 10% HDPE Air 20/100 0.07 0.0235
22 Bentonite 10% HDPE Air 100/100 0.07 0.0235

3.6.3 Thermosyphons

Thermosyphons surrounding the BHE are considered as a mitigation solution in the next
simulation scenarios. The full physical phenomenon involved with a thermosyphon are not
simulated in FEFLOW. Instead, a representation of the thermosyphon is simulated by nodal heat
drains. Six nodes in the model are selected and an internal heat drain condition is applied (Figure
3.11). The nodes are horizontally spaced within the appropriate less than 2.5 m working distance
of a thermosyphon (Mu et al. 2015). Four heat drains are emplaced at slice 2, slice 7, slice 10, and
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slice 14. Spacing the thermosyphons in this manner prevents the area of heat extraction from
overlapping. The heat drain assignments extend to 5.2 m depth in the model. This length represents
a thermosyphon which is anchored in bedrock.

Figure 3.11 Area in the model where the thermosyphon-representative nodal heat sink is applied.
The thermosyphon nodes are represented by yellow circles. The green crosses are the BHE
discretized nodes.

The calculated heat extraction rates from the following rate equation are applied as the nodal heat
sink extraction rate (W) in FEFLOW. The monthly ground temperature and air temperature of the
environment are utilized to calculate the heat extraction rate, along with the performance
coefficient.

Q =P(Tg_Ta) (13)
where Q is the heat extraction rate (W) and P is the performance coefficient of a thermosyphon
(Aftret & Daleng 2022; Geo Slope 2014). During the summer months when 0 < T, , an extraction
rate of 0 W is assumed, representing a perfect closed thermosyphon. The performance coefficient
of a thermosyphon is calculated according to the average wind speeds in Baker Lake and the
surface area of a thermosyphon with a 7 m evaporator section and a condenser section that is less
than 6 m, which is 1.67 m (Baker Lake, Canada—Climate & Monthly weather forecast; Mu et al.
2015).

P = (2.54 + 4w%2)4 (14)

where w is the wind speed (m s!) and 4 is the area of the evaporator section of the thermosyphon
(m?; Geo Slope 2014).

The equation for the heat extraction of a thermosyphon is only valid for thermosyphons that are
inclined greater than 5 degrees (Geo Slope 2014). Additionally, the rate equation gives the
maximum heat extraction capability of the thermosyphon over its entire length and states that this
value must be divided by the actual constructed length of pipe in the field (Geo Slope 2014). Heat
extraction rates for the quasi-thermosyphon are presented in Table 3.10 with a time series of the
thermosyphon. The extraction rate was not divided by the actual constructed length of pipe in the
field before being assigned to sink nodes. The thermosyphon scenarios are listed in Table 3.11.
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Table 3.10 Wind speed, ground temperature, air temperature, performance coefficient and
extraction rates of the modelled representation of a thermosyphon.

Month Wind Speed Ty T, P 0
km/h °C °C \\
Jan 17.3 -25.3 -31.3 4.249 25.7
Feb 16.6 -25.1 -31.1 4.248 25.7
Mar 16.4 -20.5 -26.3 4.248 24.7
Apr 17.4 -11.7  -17  4.249 22.7
May 16.1 -1.6  -64 4.248 20.5
Jun 16.4 9.8 4.9 4.248 0.0
Jul 16.7 155 11.6 4.248 0.0
Aug 17.7 13.8 9.8 4.249 0.0
Sep 19.5 7.5 3.1 4.249 0.0
Oct 19.1 -1.7  -6.5 4.249 20.5
Nov 17.8 -13.8 -19.3 4.249 23.2
Dec 17.3 -21.0 -26.8 4.249 24.8

Table 3.11 Properties of material for thermosyphon scenarios.

Scenario Grout Casing/Pipe Thermosyphons Grouti Casing A
# # Wm'K! Wm'K'!
17 Bentonite 10% HDPE 6 0.7 -
18 Bentonite 10% HDPE+VIT 6 0.7 0.037

3.7 Scenarios

The permafrost thaw mitigations strategies are specified in Table 3.12, which houses a
comprehensive list of scenario names and their corresponding combination of mitigation solutions.
Working fluid and flow rates are also specified. “S” stands for scenario in these cases, where 1,
2..., n stands for the n™ scenario number. The BTES scenarios are specified in Table 3.13.
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Table 3.12 Scenarios defined by combinations of mitigation solutions. EA represents Ethyl
Alcohol; PG stands for Propylene Glycol.

Scenario Grout Pipe Flow Applications Fluid

# US gpm

Base Generic (A=1) HDPE 6.2 - 20% PG
1 Bentonite 10%, in Water HDPE 11.2 - 20% EA
2 Bentonite 10%, in Water PVC 11.3 - 20% EA
3 Bentonite 10%, in Water VIT 11.2 Casing 20% EA
4 Bentonite 20%, in Water ~ HDPE 11.2 - 20% EA
5 Bentonite 20%, in Water PVC 11.3 - 20% EA
6 Bentonite 20%, in Water VIT 11.2 Casing 20% EA
7 Bentonite/Sand HDPE 11.2 - 20% EA
8 Bentonite/Sand PVC 11.3 - 20% EA
9 Bentonite/Sand VIT 11.2 Casing 20% EA
10 Thermal Grout HDPE 11.2 - 20% EA
11 Thermal Grout PVC 11.3 - 20% EA
12 Thermal Grout VIT 11.2 Casing 20% EA
13 Till HDPE 11.2 - 20% EA
14 Till PVC 11.3 - 20% EA
15 Till VIT 11.2 Casing 20% EA
16 Bentonite 10%, in Water HDPE 11.2 Air (4m) 20% EA
17 Bentonite 10%, in Water HDPE 11.2 Air (16m) 20% EA
18 Bentonite 10%, in Water ~HDPE 11.2 Thermosyphon 20% EA
19 Bentonite 10%, in Water VIT 11.2 Thermosyphon 20% EA

Air (20m) +

N
<

Bentonite 10%, in Water HDPE 11.2 20 m Sediment 20% EA

Table 3.13 Scenarios defined by combinations of mitigation solutions. EA represents Ethyl
Alcohol.

Scenario Grout Pipe Flow Applications BHEs Fluid
# US gpm #
21 Bentonite 10%, in Water HDPE 11.2 Air (4m) 20/100  20% EA
22 Bentonite 10%, in Water HDPE 11.2 Air (4m) 100/100 20% EA
23 Bentonite 10%, in Water HDPE 11.3 NONE 100/100 20% EA

Inlet temperatures are tested to determine the most efficient, most productive scenario for storing
heat in the subsurface and are held constant throughout trials of mitigation solutions. It is important
to choose an inlet temperature that allows the BHEs to operate properly. The system’s functionality
is dependent on the minimum operating temperature of the working fluid (Wang 2014). The flow
rates are fixed. The Reynold’s number for HDPE pipe and a flow rate of 11.2 US gpm is 4081.1,
and for PVC pipe with a flow rate of 11.3 US gpm it is 4034.08. Properties for water are derived
from Earth Energy Design recommendations (Sanner & Hellstroem 1997). Propylene Glycol
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values are from MOKON (2022), and the Reynold’s number for the base case scenario is 4629.
Ethyl Alcohol is represented by properties from a study of thermophysical properties of working
fluids (Melinder 2007). The base model is run with 20% propylene glycol, but because the freezing
point of the model is -7 °C, propylene glycol does not provide a large enough buffer to safely use
it in this system. Ethyl alcohol (20%) is the final fluid that is used with the scenarios because it
provides a buffer of freezing of approximately -5 °C. The volumetric heat capacity of the fluids
are hand-calculated with 0.001 kg substance. Based on operating parameters, a fixed inlet
temperature of 45 °C in the summer and -5 °C in the winter has been determined for the model
based on the fluid operation parameters and efficiency of energy storage.

3.7.1 Analysis of Results

To analyze the effect of the mitigation solutions on the ground temperature in the single BHE
model, five points extending radially away from the borehole are analyzed. The points are assigned
throughout vertical layer slices in the following configuration as observation points (Figure 3.12).
The radial points extend to 6 m depth in the model and are emplaced every 0.4 m, creating 450
observation points total. The depth and temperature data are compiled via python at the end of
every injection and extraction season simulated.

b L.

D
F L
d N
0

P

BHE

Figure 3.12 Assignment of radial observation points in the model to evaluate the ground
temperature.

To analyze the BTES system, a similar array of points is assigned in the model (as points L through
P), and the focus is on the points that are in the center of the BTES field, 0 m from the edge of the
BTES system, 4.3 m from the edge of the system, and 8.7 m from the edge of the system.

To calculate the energy stored, the following temperature differential is considered from the
model’s resultant inlet and outlet temperatures:

AT = Tout — Tin (15)
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where AT is the temperature difference, To,; 1s the BHE outlet temperature (°C or K), and Ty, is
the BHE inlet temperature (°C or K).

The thermal power injected or extracted is then considered by:
Es = Cp " qgug " AT (16)

where Eg is the power injected or extracted (W), Cp, is the heat capacity of the water-antifreeze

mixture (J m™ K), and gsxe is the flow rate of fluid in the BHE (m® s™). For the purposes of this
study, energy storage is provided in terms of instantaneous power (kW) illustrated over the charge
or discharge season time (days).
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4. RESULTS

4.1 Mesh and Time-Step Independence
4.1.1 Single BHE model

The resultant Delaunay Triangular mesh independence of the single BHE model is recorded below.
All models are adjusted for Delaunay and Aspect Ratio errors before completing each test. The
transient state simulation runs from time 0.001 through 200 days to encapsulate 1 period of heat
injection at 45 °C for each mesh test (horizontal, vertical, and time-step). The outlet temperatures
at the end of 200 days are the point of comparison for each model. The tests produce outlets on
day 200 that do not vary by more than 1 °C. The flow rate varies between mitigation scenario tests
and the base model. Variation of the flow is caused by differences in pipe inlet and outlet tube
sizes between the HDPE and PVC pipes. The results of the horizontal, vertical, and time-step mesh
independence are shown in Figure 4.1.

The following 2-D meshes are used to test the mesh with an arbitrary growth factor between time
steps of 2, and the 2-D element count provided:

e Mesh 1: 188 elements
e Mesh 2: 312 elements
e Mesh 3: 470 elements

Mesh 2 is chosen as the appropriate mesh to run the simulations. After the horizontal meshes are
tested, different models of mean slice widths are built and tested with an arbitrary growth factor
between time steps of 2. The results are compared to select a model that is independent of the
vertical 3-D mesh configuration with the lowest computation time:

e MeshA:045m
e MeshB:04m
e MeshC:0.25m
e MeshD:02m

A slice width of 0.4 m is chosen as the vertical layer width for the model (Mesh B) because this
slice width requires the smallest computation time for the model out of the 4 meshes. After the 0.4
m slice 3-D model is developed, an arbitrary BHE is simulated with constant properties. The only
variation in the model are the automatic timestep control settings, where the growth factor (TS)
between subsequent timesteps is adjusted:

e TS1:4
e TS2:2
e TS3:1.5

The growth factor of 2 between any 2 timesteps is chosen as the appropriate factor to keep
computation time reasonable while the results are unaffected. An unrestricted minimum timestep
and maximum timestep of 10 days is also employed.
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Figure 4.1 Visual results of the mesh tests after 200 d injection period compared at the outlet of
the BHE.

4.1.2 BTES Field model

The resultant Delaunay Triangular mesh independence of the BTES is recorded below. All models
are adjusted for Delaunay and Aspect Ratio errors before completing each test. The transient state
simulation runs from time 0.001 through 200 days to encapsulate 1 period of heat injection at 45 °C
for each mesh test (horizontal, vertical, and time-step). The outlet temperatures at the end of 200
days are the point of comparison for each model. The tests produce outlets on day 200 that do not
vary by more than 1 °C. Results for these tests are shown in Table 4.1.

The following 2-D meshes are used to test the mesh with an arbitrary growth factor between time
steps of 2, and the 2-D element count provided:
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e Mesh 1: 12653
e Mesh2: 10516
e Mesh 3: 5340

Mesh 2 is chosen as the appropriate mesh to run the simulations. After the horizontal meshes are
tested, different models of mean slice widths are built and tested with an arbitrary growth factor
between time steps that is unrestricted. The results are compared to select a model that is
independent of the vertical 3-D mesh configuration with the lowest computation time:

e Mesh A: Slice 50 to 32, 1 m; slice 31 to 0, 5 m
e Mesh B: Slice 50 to 32, 0.5 m; slice 31 to 0, 5 m
e Mesh C: Slice 50 to 32, 1.5 m; slice 31 to 0, 5 m

A slice width of 1 m is chosen as the vertical layer width for the portion of the model with the
BTES system (Mesh A) because this slice width requires the smallest computation time for the
model out of the 4 meshes and is fine enough to produce reasonable results. At slice 32, the distance
between slices is increased to 5 m to decrease computation time. This extension does not affect
the results of the simulation. After the vertical 3-D model is developed, an arbitrary array of 5
BHE:s is simulated with constant properties. The only variation in the model are the automatic time
step control settings, where the growth factor (TS) between subsequent time steps is adjusted:

e TS1: Unrestricted
e TS2:2
e TS3:4

The unrestricted growth factor between any 2 time steps is chosen as the appropriate factor to keep
computation time minimized while the results are unaffected. An unrestricted minimum time step
and unrestricted maximum time step is also employed.

Table 4.1 Scenarios defined by combinations of mitigation solutions. EA represents Ethyl
Alcohol; PG stands for Propylene Glycol.

Mesh Tested Outlet Temperature

1 41.97265
2 41.88842
3 41.95948
A 41.98317
B 41.97865
C 41.97265
TS1 41.97528
TS2 42.00752
TS3 41.98317
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4.2 Permafrost Active Layer

The active layer above the permafrost in the single BHE model is determined from the seasonal
ground temperature variations modelled in FEFLOW and is represented in Figure 4.2 The gradient
is shown by temperature slices pulled directly from the FEFLOW modelling software. According
to the numerical data, the active layer is 3.2 m depth, which is comparable to the active layer for
the Baker Lake area (0.15 m to 6 m active freeze-thaw zone; Smith & Burgess 2002). When the
BHE is added, the active layer is no longer present in the model and the temperature is always
above 0 °C over the entire BHE depth.
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Figure 4.2 Right) Last day of injection period from year 3 simulation with no BHE added to the
model. Left) Last day of extraction period from year 3 simulation. The summer simulation shows
the greatest depth in the active layer of permafrost in the FEFLOW model (3.2 m).

4.3 Single BHE Permafrost Mitigation Results
4.3.1 Grouts & Pipes

The scenario that keeps the overburden coldest is S5, which has the lowest thermal conductivity
grout and pipe material (Bentonite 20%, in water & PVC pipe). The scenario that keeps the
overburden cool while maximizing borehole energy storage is S1, with 10% bentonite grout, in
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water and HDPE pipe. The scenario that keeps the overburden warmest is S13, which contains
materials with the highest thermal conductivity grout and pipe (Till & HDPE). No solutions
succeed in keeping the permafrost in the overburden from thawing (Figure 4.3).
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Figure 4.3 Temperature for Grout & Pipe mitigation solutions S1, S5, and S13 with regular
seasonal thermal gradient on the last day of October (SB) at the end of the injection season in the
third year (summer).

4.3.2 Vacuum Insulated Tube (VIT) Casing & Air Insulation

Previous pipe and grout data comparisons determine that 10% bentonite grout, in water and HDPE
pipe (S1) maximizes energy storage while keeping the overburden cool. Therefore, the focus test
of VIT Casings is S1 encased in VIT (S3). The permafrost temperature data at the end of the third
year’s summer (last day in October) is compared graphically (Figure 4.4). Largest percent
differences between S1 and S3 are at point L at 0.8 m depth (near the surface of the model).
Smallest percent differences between the same scenarios are at point P at 4 m depth. Point L having
the greatest difference and P having the smallest difference is a consistent trend at every depth
(0.8, 2 and 4 m). Ground temperature for the air-insulated scenario is simulated for the last day of
the injection season and compared to the VIT scenario (Figure 4.5). These results differ only
slightly from VIT results.
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Figure 4.4 Temperature for VIT scenario 3 with S1 Pipe & Grout scenario and the regular seasonal
thermal gradient on the last day of October (SB) pictured for comparison. The data refers to the
final day at the end of the injection season in the third year (summer).
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Figure 4.5 Temperature for the air insulated scenario 16 (S16) with VIT scenario 3 (S3) and the
regular seasonal thermal gradient on the last day of October (SB) pictured for comparison. The
data refers to the final day at the end of the injection season in the third year (summer).

4.3.3 Thermosyphon

Ground temperature simulated for the last day of the injection season is compared for two
thermosyphon scenarios: a thermosyphon scenario with no VIT (S18) and a scenario with VIT
(S19; Figure 4.6).
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Figure 4.6 Temperature for thermosyphon + VIT scenario 17 (S19) with thermosyphon scenario
16 (S18) and the regular seasonal thermal gradient on the last day of October (SB) pictured for
comparison. The data refers to the final day at the end of the injection season in the third year
(summer).

4.3.4 Temperature Profiles

The mitigation solutions are compared against each other, and the following ground temperature
at 0.8, 2 and 4 m depth in the model at 0.23 m from the central BHE is analysed from May 2024
to May 2027 (Figure 4.7). The key scenarios from the simulations are as follows, all of which
include 10% bentonite grout, in water, around the HDPE U-Tube BHE:

S1: No added solutions

S3: VIT casing around grouted BHE

S16: Air insulation around the grouted BHE

S18: 6 Thermosyphons surrounding BHE

S19: 6 Thermosyphons surrounding a VIT-cased grouted BHE

VIT and air insulation trends exhibit an elevated consolidation from thermosyphons and appear to
reflect the natural thermal gradient more closely. At a distance of 1.67 m from the central BHE,
the trends become most consolidated and exhibit no difference in the order of effectiveness in
which the scenarios better keeps the ground cold (Figure 4.8). The trends for VIT, air insulation,
and thermosyphons also become closer in relative effectiveness from the 0.23 m distance.
Additionally, the VIT and air insulation scenario exhibit similar resulting trends. A comparison of
the air insulation scenarios with insulation to 4 m depth (S16) and 16 m depth (S17) is also
provided in Figure 4.9. A comparison of air insulation in 4 m sediments versus 20 m sediments is
offered in Figure 4.10.
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Figure 4.7 Ground temperature for key scenarios 0.23 m away from the central BHE (10% bentonite grout & HDPE (S1), VIT casing

around S1 (S3), air-insulation around S1 (S16), 6 thermosyphons around S1 (S18), 6 thermosyphons and VIT casing around S1 (S19))
at 0.8, 2, and 4 m depth over the course of May 2024 through May 2027.
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Figure 4.8 Ground temperature for key scenarios 1.67 m away from the central BHE (10% bentonite grout & HDPE (S1), VIT casing

around S1 (S3), air-insulation around S1 (S16), 6 thermosyphons around S1 (S18), and 6 thermosyphons and VIT casing around S1
(S19)) at 0.8, 2, and 4 m depth over the course of May 2024 through May 2027.
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Figure 4.9 Ground temperature for air insulation scenarios 0.23 & 1.67 m away from the central BHE (air-insulation around S1 for 4 m
(S16), air-insulation around S1 for 16 m (S17)) at 0.8, 2, and 4 m depth over the course of May 2024 through May 2027. The natural
ground temperature is the same at 0.23 and 1.67 m.
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Figure 4.10 Ground temperature for air insulation scenarios 0.23 & 1.67 m away from the central BHE (air-insulation around S1 for 4

m in 4 m sediments (S16), air-insulation around S1 for 20 m in 20 m of sediments (S20)) at 0.8, 2, and 4 m depth over the course of
May 2024 through May 2027.
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4.4 BTES Field Permafrost Mitigation Results

The BTES Field has been simulated for the main purpose of observing whether the mitigation
solutions are effective when emplaced around the outer edge of the field (S21) versus around every
borehole in the field (S22). For comparison to a BTES field with no mitigation solutions employed,
S23 represents such a case. Results regarding the effectiveness of the two scenarios from the BTES
field are presented in Figures 11 through 15. Insulating every borehole in the field yields a cooler
ground temperature in the center of the BTES field than insulating only the outer ring of BHEs.
Outside of the BTES field, both scenarios produce similar ground temperature cooling capabilities.
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Figure 4.11 Ground temperature in the center of the BTES field (air-insulation around S1 for the outermost boreholes surrounding the
field (S21), air-insulation around S1 for all boreholes (S22), and no mitigation solutions applied to the field (S23)) at 2 and 4 m depth
over the course of May 2024 through May 2027. Some spikes appear in the lines at 2 m depth because of the model seasonal ground
temperature changes affecting the results.
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Figure 4.12 Ground temperature a quarter distance from the edge of the BTES field (air-insulation around S1 for the outermost boreholes
surrounding the field (S21), air-insulation around S1 for all boreholes (S22), and no mitigation solutions applied to the field (S23)) at 2
and 4 m depth over the course of May 2024 through May 2027. Some spikes appear in the lines at 2 m depth because of the model
seasonal ground temperature changes affecting the results.
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Figure 4.13 Ground temperature at the outermost edge of the BTES field equidistant between two outer-ring BHEs (air-insulation
around S1 for the outermost boreholes surrounding the field (S21), air-insulation around S1 for all boreholes (S22), and no mitigation
solutions applied to the field (S23)) at 2 and 4 m depth over the course of May 2024 through May 2027. Some spikes appear in the lines
at 2 m depth because of the model seasonal ground temperature changes affecting the results.
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Figure 4.14 Ground temperature 4.3 m outside of the outermost edge of the BTES field (air-insulation around S1 for the outermost
boreholes surrounding the field (S21), air-insulation around S1 for all boreholes (S22), and no mitigation solutions applied to the field
(S23)) at 2 and 4 m depth over the course of May 2024 through May 2027. Some spikes appear in the lines at 2 m depth because of the
model seasonal ground temperature changes affecting the results.
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Figure 4.15 Ground temperature 8.7 m outside of the outermost edge of the BTES field (air-insulation around S1 for the outermost
boreholes surrounding the field (S21), air-insulation around S1 for all boreholes (S22), and no mitigation solutions applied to the field
(S23)) at 2 and 4 m depth over the course of May 2024 through May 2027. Some spikes appear in the lines at 2 m depth because of the
model seasonal ground temperature changes affecting the results.
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4.5 Single BHE Energy Storage

The energy storage of the scenarios is analysed and contrasted with permafrost temperature data
to determine the most efficient solution. The key scenarios (S1, S3, S16, S17, S18, & S19) are all
compared to determine which scenarios maximize energy storage while reducing permafrost thaw
(Figures 4.16 & 4.17). Between all scenarios, the differences in energy storage are negligible.
Therefore, the best-case scenario for maximizing energy storage and minimizing permafrost thaw
is determined primarily by the ground temperature trends. Even the thermosyphons do not provide
an energy storage that differs significantly from the other scenarios. The energy storage between
4 m of air insulation and 16 m of air insulation also shows negligible differences.
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Figure 4.16 Power injected (negative) or extracted (positive) in the ground (kW) for the key
scenarios from May 2024 through May 2027.
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Figure 4.17 Power injected (negative) or extracted (positive) in the ground (kW) of the 4 m air
insulation (S16) and the 16 m air insulation (S17) scenarios from May 2024 through May 2027.
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4.6 BTES Energy Storage

The two scenarios for BTES energy storage are compared in Figure 4.18. Energy storage
differences between the two scenarios are negligible. Therefore, the ground temperature will be
the determining factor in recommending a solution for mitigation of permafrost thaw and
maximization of energy storage.
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Figure 4.18 Power injected (negative) or extracted (positive) in the ground (kW) of the outside
edge scenario (S21), the entire field scenario (S22), and for no mitigation solutions applied (S23)
for the BTES field from May 2024 through May 2027.
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S. DISCUSSION

5.1 Scenarios

To determine the most effective energy storage and permafrost mitigation solutions in the single
borehole model, 20 solutions are compared among each other. The tested thaw mitigation solutions
vary in their success at keeping the ground cold. The solutions that are most efficient at keeping
the ground temperature cold in the overburden are VIT casing, air insulation, and thermosyphons.
Changing the grout and pipe has a very small effect on keeping the ground temperature cold. The
solutions each store a similar amount of energy. The most effective materials for energy storage
have high thermal conductivities.

The BTES field has been simulated for the main purpose of evaluating whether the mitigation
solutions are effective when emplaced around the outer edge of the field versus around every single
borehole in the field. To test this hypothesis, although computation time was very long (12 h per
3-year simulation), three scenarios have been developed: the first is air insulation of the BHEs
around the outer edge of the field, the second is air insulation around every BHE in the field (100
BHEs air insulated), and the third is a scenario with no mitigation solutions applied. The ground
temperatures inside of the BTES field display increases in both scenarios, while the ground
temperature extending radially beyond the edge of the BTES field is better regulated. The
differences in energy storage between the two scenarios is negligible. Applying a mitigation
solution to every borehole inside of the borefield shows small differences from applying the same
solution to every borehole around the outside edge of the field.

5.2 Modified Design Elements

To increase the effectiveness of the simulations, the borehole in the single BHE model parameters
has been chosen considering those of a BHE made with a diamond drill that is more common to
northern communities in Canada (Kanzari 2019). A 20% ethyl alcohol working fluid has been
adjusted to reflect the appropriate freezing temperature. This working fluid is acceptable for use
by humans as determined by government regulations and is injected into the system at a flow rate
of 11.2 gpm for HDPE pipes and 11.3 gpm for PVC pipes. This flow rate keeps the Reynold’s
number greater than 4000 in both cases to ensure turbulent flow in both types of pipes (4081.1 for
HDPE and 4034.1 for PVC). The physical properties of the materials are from prior studies in
Kuujjuaq (Nunavik, northern Quebec), which is another northern community that is located on the
Canadian Shield, and therefore the sediments and bedrock are expected to have a similar likeness
to that of Baker Lake, Nunavut. The base case runs with HDPE pipe and an arbitrary grout thermal
conductivity of 1. To improve the base case, seasonal ground temperature variations are added to
reflect monthly ground temperature changes from Baker Lake. To further improve the model,
PiFreeze is used to simulate cyclical freezing and thawing.

Multiple mitigation solutions are tested and compared. First, a parametric study by changing grout
and pipe types is carried out. These simulations rely on thermal conductivities and dimensions
obtained from literature review. Then, VIT casings, air insulation and thermosyphons are
introduced to the model. The thermal conductivity of VIT determined in prior research is utilized
(Gascuel et al. 2022). The unconfined flow porosity and hydraulic conductivity are reduced to a
very small value in the unconfined flow simulation to reflect the impenetrability of the VIT
material. VIT naturally has a very low thermal conductivity and heat capacity. For the air insulated
scenarios, the hydraulic conductivity and unconfined flow porosity are reduced to a very small
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value in the unconfined flow simulation to reflect the properties of the air. The thermal
conductivity and volumetric heat capacity of air is determined for a temperature of -11 °C to reflect
the mean annual air temperature at Baker Lake. Thermosyphons have been adjusted to reflect the
extraction of a model thermosyphon from literature (Aftret & Daleng 2022) and are applied to the
model with specific spacing between nodal heat sinks. Providing this spacing ensures that the
numerical extraction radius does not overlap, as overlapping these areas provides falsely elevated
extraction effects.

To compute results for the BTES field in a reasonable amount of time without incurring error, 100
BHESs of 30 m depth have been simulated in glacial till that resembles the sedimentary material at
Baker Lake. The use of a 50 m sediment model allows for a better understanding of mitigation
solutions on the thermal gradient produced by the BTES field, and on energy storage. Additionally,
use of FEFLOW default borehole parameters simplifies the creation of the mesh, as the boreholes
are not as small as the single BHE model, and therefore the vertical spacing between the layers
does not need to be as refined. All modifications have been emplaced primarily to reduce the
computational complexity of the model, as adding 100 BHEs with 20 flow arrays requires
extensive computation time in FEFLOW.

53 Comparison of Scenarios

A graphic comparison of all mitigation solution MAGT to the natural ground’s MAGT is provided
in Figure 5.1. The difference between scenarios concerning energy stored remained negligible.
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Figure 5.1 Mean annual ground temperatures in key scenarios 0.23 m away from the central BHE at 0.8, 2 and 4 m depth during years

1, 2, and 3 for each mitigation solution.



5.4 Effective Solutions for Ground Cooling

In summer, the best solutions are a combination of thermosyphons and VIT or air insulation. The
thermosyphon representations alone are unable to keep the ground cooler even with a perfect 0
heat exchange rate applied to the thermosyphon representation. In winter, the most effective
solution is the thermosyphon representation, as this solution can inject cold air into the ground
directly. The differences in energy storage between solutions are negligible for the single borehole
model.

The ground temperature inside of the BTES field shows increases that are independent of whether
the mitigation solution is applied to every borehole vs. the outside edge boreholes. Outside of the
BTES, the ground temperature is kept below 0 °C at 8.7 m in both scenarios. The scenarios do not
show large differences from each other 4.3 and 8.7 m from the edge of the borefield. At the edge
of the field, applying the mitigation solution to every borehole in the field shows a smaller increase
in temperature from the natural ground temperature than applying the solution to outer edge
boreholes.

5.5 Potential cost of mitigation solutions

The best solution for permafrost thaw mitigation appears to be a combination of solutions —i.e., a
thermosyphon and VIT or air insulation. However, thermosyphons are associated with a high cost.
It may not be advantageous to install a thermosyphon to an air-insulated borehole; instead, it may
be more efficient to drill deeper into the ground and extend the air insulation. This would arguably
cost less than grouting the borehole, as expenses are limited to the size of the hole drilled to encase
the top portion of the well in air, and then the cost of drilling a smaller hole into bedrock.

The probable cost of mitigation solution materials is ranked from least to most expensive as
follows (Table 5.1). VIT and HDPE pipe costs are for the material and do not include the cost of
installation (Gascuel et al. 2022). The total cost of a 4 m VIT casing per borehole is likely $660
CAD. The cost of thermosyphons have been determined from the length, diameter, and the bulk
price of carbon steel. The cost of a screen to enable smooth fluid, use of Therminol VP-1 working,
and the cost of welding the end shut in the summer are considered for a thermosyphon 24 mm in
diameter with a length of 6 m (Robak et al 2011). If every borehole requires 6 thermosyphons, the
most likely cost of thermosyphons per borehole will total $384 CAD. Operation, maintenance, and
installation costs are not included in thermosyphon costs. Grout expenses have not been included
in this approximation due to a lack of information on cost in literature.
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Table 5.1 Average likely cost of mitigation solution materials in different currencies, ranked from
least expensive to most expensive. Current exchange rate as of March 2023 for CAD to USD is -
3.91%, CAD to Euro is -10.49%, USD to CAD is 4.07%, and USD to Euro is -6.85%.

Solution CAD USD Euro Source
Air Insulation 0 m™ 0m 0m
HDPE pipe 14.45 m™! 10.56 m! 9.84 m’! 32; CAD
Thermosyphon 64 Unit! 47 Unit! 44 Unit! 107, USD
VIT Casing 165 m’! 120 m™! 112 m’! 32; CAD
5.6 Air Insulation & Natural Ground Temperature Comparison

In the single borehole model, equilibrium is reached after year 1, and the simulations are extended
to year 3 to review trends. The best solution, which is most cost-effective and capable of keeping
the ground cool in both summer and winter, is the air-insulation scenario. The largest differences
between the natural thermal gradient and the adjusted thermal gradient when air insulation is
applied occur at 4 m depth, which is the sediment-bedrock contact. The smallest differences remain
in the upper 2 and 0.8 m of sediments, where the maximum difference is 273% at 2 m depth during
the third year of thermal energy storage.

In the BTES field, equilibrium is reached after year 1 and the simulations are extended to year 3
for the review of trends, similar to the single borehole model. The best solution based on the data
is to insulate every borehole in the field. The largest differences in the middle of the field occur at
4 m depth, which is the sediment-bedrock contact and where the air insulation terminates. Drilling
a deeper zone of air insulation may significantly decrease the effect of energy storage on the ground
temperature.

The main findings of the research are as follows:

e Changing pipe and grout properties does not have large impact. Compared to the
capabilities of air insulation, VIT casing, and thermosyphons changing the pipes and
ground only influences the ground temperature within 5 °C.

e Air insulation works slightly better than VIT casing and is not as expensive as other
solutions. This is likely because the thermal conductivity of air is lower than that of the
VIT scenario.

e Drilling a deeper zone of air insulation (for instance, 16 m instead of 4 m) improves the
effectiveness of the solution and does not influence energy storage in the single-borehole
scenario.

e Thermosyphons are effective in winter but less effective in summer, even when the
exchange rate of warm air to the ground is a perfect scenario. This could be a result of
being unable to extract heat in summer.

e Ifthere is a material contact between boundaries, heat will transfer no matter what
preventative steps have been taken.
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e Thermal conductivity is the greatest factor in determining how heat will transfer in the
model, as other parameters have been altered and not had an elevated effect when
compared to altering thermal conductivity.

¢ Insulating every borehole in the BTES field is slightly more effective than insulating the
outside ring of boreholes at the outer edge of the BTES field.

To summarize the study, the most effective additions to the model and the solutions are recalled.
The application of realistic grout and pipe thermal conductivity values, as well as the application
of a model thermosyphon extraction rate are useful in creating more effective models. Other
worthwhile additions are the thermosyphon representation with appropriate in-model spacing, the
reduced heat transfer materials (VIT, air), and the inlet temperature of -5 °C in the model with the
usage of an assumed heat pump. The most effective solutions are air insulation and thermosyphons;
air insulation for the low cost and slightly better mitigation of ground temperature than VIT casing,
and the thermosyphon for its ability to extract heat in winter. The testing of a BTES field
determines that insulating every BHE in the field with air is slightly more effective than insulating
the outermost BHEs in the field. The results of this study can be considered valid for communities
in similar permafrost regions.

5.7 Limitations

Limitations of the single BHE mesh include the reduction of a large model to a 2 m radial model
so that heat could be conserved. Without restricting the model boundaries, no heat could be stored
in a larger square model. This is because heat would escape to the outer boundaries too quickly,
as the ground temperature at depth is -7 °C through the entire model (excluding the surficial area
of the model, which is affected by the ground temperature gradient). For the model run in a
reasonable amount of time with the most consistent results, a coarse mesh is chosen to test the
solutions.

Additionally, porosity is reduced to 1 ¢ 10'° for both the sediment and bedrock material
unconfined fluid flow properties. This reduction allows the application of PiFreeze to run in a fully
saturated, non-flow model without requiring an unreasonable run time and without distorting BHE
outlet results. This small 2 m radial model cannot be fully saturated and contain both PiFreeze and
a BHE. PiFreeze requires a finer mesh to operate, but refining the mesh further around the central
BHE induces falsely elevated outlet temperatures. The model cannot be fully saturated without
producing a large courant error and high-magnitude Darcy Flux inside the discretized BHE
elements. Therefore, the fluid flow in the model is restricted to avoid computational error caused
by employing PiFreeze. The effect of latent heat on the model is still considered, and the model is
ruled by conduction, as a large difference in energy storage results is visible between a confined,
non-PiFreeze model and PiFreeze model (Figure 5.2).
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Figure 5.2 Comparison of S1 with and without PiFreeze applied showing latent heat differences.

To create a material in FEFLOW that is a solid material such as VIT, with no chance of fluid
seepage or other incorrect behaviors, the porosity and hydraulic conductivity of VIT is restricted
to negligible values. The same restrictions are employed for air. The thermosyphon is applied as a
nodal sink at 4 points in the simulation to ensure no overlap of thermal extraction in the model.
Overlapping the radius of extraction causes the extraction to compound and significantly distort
the ground temperature. The thermosyphon tested in FEFLOW 1is a representation of a
thermosyphon because there is no model application for a thermosyphon in FEFLOW.

It is worth mentioning that the research portion of the project is limited to 6 months, and
computational requirements of PiFreeze are heavier than the available computers’ processing
power. Therefore, concessions are made to ensure stable results and adherence to the project
timeline.

Limitations of the BTES field are the inability to produce a field with PiFreeze and 100 m deep
boreholes. With these parameters applied, the computation time of the simulations increased
dramatically. Refining the mesh to improve the quality of any of the previously mentioned
variables increases the computation time for each simulation. These limitations stem from the time
constraints on the project, and the lack of computational power required to run the desired
applications.
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6. CONCLUSIONS

After completing research on the single borehole model, the following conclusions have been
made.

1. Changing grout does not have an effective impact on the temperature in the overburden
above the bedrock where permafrost thaw should be minimized.

2. Air insulation works slightly better than VIT casing and is inexpensive; both have a
significant effect on temperature in the overburden although completely avoiding
permafrost thaw in the overburden is impossible.

3. A BHE with 16 m zone of air insulation improves the effectiveness of the solution and
has little influence on the energy storage.

4. Thermosyphons are effective in winter but less effective than VIT casing and air
insulation in summer to keep overburden temperature cold.

5. Air insultation in the upper section of the BHE is a solution to privilege because its cost
is expected negligeable.

6. If there is material contact between boundaries, heat will transfer.

7. Thermal conductivity is the greatest factor in determining how much the ground
temperature will increase.

8. Insulating every borehole in the BTES field is slightly more effective than insulating the
outside ring of boreholes at the outer edge of the BTES field.

6.1 Future areas of exploration

Future studies may commit to studying one mitigation solution in depth, such as thermosyphons,
in a model built specifically for testing the solution. Using a modelling program that has proper
applications for thermosyphons, air, and casings may be beneficial. Or, adapting existing
analytical models to the simulation of BHEs with latent heat effects incorporated in the ground
to simulate the effect of mitigation solutions more rapidly. Additionally, further research on
areas with elevated sediment overburdens may be useful for determining the effectiveness of
mitigation solutions on different parts of the world. Creating a BTES system that analyses the
effectiveness of mitigation solutions further is also necessary; for instance, a scenario should
be developed to evaluate whether insulating the all BHEs in a large borefield with 16 m of air
effects energy storage capabilities. Finally, it would be beneficial to create a discretized model
with a non-grouted borehole in the overburden section, and to create a simulated circulation of
cold air in the winter in the air-insulated portion of the model.
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APPENDIX I - BACKGROUND
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Figure 8.1. Rae Hearne shortening with the collision of the Superior craton (pictured as the Superior Province) 1.84—1.82 Ga. Adapted
from Whitmeyer & Karlstrom 2007. Hollow red star indicates the Baker Lake Community’s location between the Rae and Hearne
provinces.
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Figure 8.2. Map of modern structural and bedrock composition of the Baker Lake area. The black star indicates the location of the Baker
Lake community. Map adapted from Peterson et al. 2015.
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Table 8.1. Borehole termination depths adapted from Canadrill Limited Geotechnical Division 2019.

Depth to Depth to bedrock Depth to bedrock Depth to Depth to

Pile bedrock (m) Pile (m) Pile (m) Pile bedrock (m) Pile bedrock (m)

4 4 53 3.5 28 34 58 3.2 60 3

1 3.5 75 2.7 47 3.1 33 2.9 31 3.1

2 2.6 23 3 55 3.7 49 34 64 2.7

6 3.7 51 3.2 78 3.7 48 33 66 2.7

8 34 52 3.5 80 3.5 74 3.1 88 2.7

10 3.4 26 3.8 92 3.1 72 34 67 2.7
12 2.7 24 2.74 81 3.5 73 34 65 2.7

14 2.5 76 3.4 93 2.9 83 3.2 63 2.7

21 3.5 86 3 79 3.1 84 34

46 2.7 7 3.7 57 3.7 87 2.7

3 24 29 3.51 9 3.1 32 2.9

5 3.4 27 3.4 11 3.2 59 3.1

22 34 54 3.5 56 3.6 61 2.7

50 3.9 77 3.7 13 23 85 3.1

25 3.5 30 3.7 82 3.2 62 2.7

Average Depth to Bedrock (m) 3.2
Minimum Depth to Bedrock (m) 2.3
Maximum Depth to Bedrock (m) 4
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Figure 8.4. Monthly temperature data from the Baker Lake Airport (Environment and Climate
Change Canada 2022). Included is Tetra-Tech’s determined MAGT of -7 °C (Canadrill Limited
Geotechnical Division 2019).

Figure 8.5. District heating customer clusters. Adapted from FVB Energy 2021
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Figure 8.6. Preliminary design of the district heating system energy transfer station flow schematic
in Baker Lake, Nunavut. Adapted from FVB Energy 2021.



APPENDIX II - METHODS
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Figure 9.1 Discretion of 6 BHE nodes around central BHE node.



APPENDIX III - RESULTS
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Figure 10.1 Delaunay criteria violations and element aspect ratios for a model within the accepted
ranges (Delaunay: x = 0; aspect ratios 1 < x < 3) of values for a proper mesh.

Table 10.1 AT and relative percent difference between S1 & S3.
Bentonite 10%, in Water + HDPE (S1 + S3)
Distance from BHE Depth AT Difference
Point m %

L 0.8 4.09 105.6%
M 0.8 2.70 87.0%
N 0.8 2.14 76.8%
O 0.8 1.87 71.1%
P 0.8 6.78 28.2%
L 2 14.49 67.8%
M 2 9.06 49.7%
N 2 7.57 43.6%
O 2 6.86 40.5%
P 2 6.34 38.1%
L 4 8.86 28.6%
M 4 6.03 20.8%
N 4 5.50 19.4%
O 4 5.25 18.7%
P 4 5.07 18.3%




APPENDIX IV - DISCUSSION

Table 11.1 Comparison of % differences between scenarios for mean annual ground temperature
(MAGT) 0.23 m from the central BHE.

Comparison % Diff. MAGT 0.23 m to BHE
HDPE + Air Year 3
0.8m 1485.39
2 155.45
4 2.79
Air + VIT Year 3
0.8 m 38.83
2m 80.00
4 m 10.72
Air + Thermosyphon Year 3
0.8 m 189.12
2m 427.85
4m 96.64
Air + Thermosyphon & VIT Year 3
0.8 m 125.57
2m 220.10
4 m 210.86

Table 11.2. Comparison of the natural ground's MAGT (NMAGT) to the air insulation's MAGT
(AMAGT) with percent difference included. Minimum ground temperatures for the natural ground
(NMiGT) and the air insulation scenario (AMiGT) as well as maximums for the natural ground
(NMaGT) and air insulation scenario (AMaGT) are provided.

Year NMAGT AMAGT % Diff. AMiGT NMiGT AMaGT NMaGT

0.8 m
24 to 25 -4.23 -6.04 35.2 -12.77  -17.61 12.48 7.27
25to 26 | -5.55 -3.46 46.4 -11.90  -12.65 15.17 2.04
26 to 27| -5.55 -2.86 64.0 -8.21 -8.12 30.67 -2.48
2m
24 to 25 -4.18 -4.36 42 -12.27  -17.77 13.45 6.59
25t0 26 | -5.76 0.28 220.4 -5.46 -12.89 16.46 1.19
26 to 27| -5.83 0.9 273.0 -1.11 -8.41 31.58 -3.19
4dm
24 to 25 -4.71 4.62 20733.3  -12.25 -17.81 13.57 6.52
25t0 26 | -5.87 9.51 845.1 -5.21 -12.94 16.58 1.08
26to 27| -6.02 10.59 726.9 -0.90 -8.59 31.76 -3.32
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