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ARTICLE INFO ABSTRACT

Keywords: The Canadian subarctic is one of the most rapidly warming regions on Earth. Permafrost thaw driven by climate
Permafrost change is linked to rapid landscape transition and is threatening northern infrastructure. Ground cooling systems
Thermosiphon

are used in application-oriented projects largely pertaining to civil engineering operations and have been
investigated in mineral-based soils with many successful outcomes. However, in near-saturated and peat-
dominated environments they remain largely unexplored. The increasing rates of climate change and concom-
itant landscape evolution coupled with increasing economic activity in the North affirm the growing need for the
advancement of ground cooling technologies in saturated peat-based soils. This study compared the performance
of three ground cooling systems in saturated peat overlying thawing permafrost at the Scotty Creek Research
Station in the Northwest Territories, Canada. The systems included a single-phase active thermosiphon combined
with a snow reduction cone (advanced thermosiphon; ATS), a single-phase passive thermosiphon (simple ther-
mosiphon; STS), and two stand-alone snow reduction cones. Performance was assessed based on subsurface
temperature profiles (ranging 2017-2022), physical frost table measurements, and estimates of net annual and
seasonal heat transfer. Each system displayed distinct ground cooling capabilities, successfully creating, and
maintaining frozen ground. The ATS stood out with the highest net annual heat transfer rate, though it requires
energy sources for actively circulating the coolant. The STS exhibited slightly lower effectiveness but demon-
strated greater resilience to component failure. The snow reduction cone confirmed the significance of snow in
ground insulation and augmented the performance of the thermosiphon system, enhancing its overall efficiency.
It is anticipated that this study will foster the development of liquid-filled thermosyphons in the domain of
cooling technologies, with a particular focus on their application in saturated peat and other similar environ-
ments. Moreover, these findings hold significant promise in offering valuable support for climate change
adaptation strategies for local communities.

Heat transfer
Snow reduction
Peatlands

1. Introduction

The Dehcho region of the southern Northwest Territories (NWT),
Canada is one of the most rapidly warming on Earth (Richter-Menge
et al., 2017), and during recent decades, the rate of warming in the
Dehcho is without precedent in the historical record (Vincent et al.,
2015). Peatland-dominated terrain occupies approximately 35% of the
discontinuous permafrost zones of the Taiga Plains, in which the Dehcho

is located (Carpino et al., 2021). Here, permafrost is discontinuous and
preferentially located in the peatland-dominated lowlands (Zoltai and
Tarnocai, 1974). These lowlands are a mosaic of tree-covered peat
plateaus overlying permafrost, juxtaposed with treeless, permafrost-free
wetlands. The peat covering the ground surfaces of the plateaus is
relatively dry and as such presents a highly effective thermal barrier that
insulates the underlying permafrost (Camill, 1999). However, climate
warming in the Dehcho has caused widespread permafrost thaw that is
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transforming the land, (Carpino et al., 2021; Chasmer and Hopkinson,
2017) changing the distribution and routing of water (Connon et al.,
2014; St. Jacques and Sauchyn, 2009), and damaging roads, air strips,
ferry crossings, pipelines, buildings and other key infrastructure
(GNWT, 2018), with resulting negative societal and economic conse-
quences (Davidson et al., 2003). Permafrost thaw rates are greatest
where climate warming is augmented by direct human disturbance of
the ground surface (Raynolds et al., 2014). Disturbance invariably
compresses the near surface peat layer, increasing its bulk density and
moisture content that dramatically lowers the capacity of the surface
layer to preserve permafrost (Williams et al., 2013).

It is widely acknowledged that permafrost thaw is transforming the
Dehcho (Carpino et al., 2018; Haynes et al., 2019; Wright et al., 2022),
driving an interest in the development of consumer-scale thaw mitiga-
tion strategies. Thermosiphons are the most widely used device for the
prevention of permafrost thaw in diverse civil engineering contexts.
Much research has been conducted on thermosiphon design, applica-
tion, and optimization (Badache et al., 2019; Chen et al., 2018; Wagner,
2014; Xu and Goering, 2008) to improve the thermosiphon technology
for a large-scale adaptation and mitigation applications. However, local,
community and private-property applications of thermosiphon tech-
nology have not been explored and in this context cost efficiency and
ease of installation become important considerations.

Thermosiphons are convective devices that extract heat from the
ground and discharge it to the atmosphere (Long and Zarling, 2004).
Originally, thermosiphons were designed as passive, sealed, pressurised
pipes and were later modified to work as active and hybrid systems
(Wagner, 2014). Thermosiphon technology has been developed in par-
allel in the US, Canada, China, and Russia, and has been used for
permafrost cooling and foundation stabilization in the areas of contin-
uous and discontinuous permafrost since 1960 (Richardson, 1979). The
most notable thermosiphon installations were established along the
Trans-Alaska Pipeline (completed in 1977) (Heuer, 1979; Wagner,
2014), in the Qinghai-Tibetan highway (Wu et al., 2010) and Qinghai-
Tibetan railroad (Cheng et al., 2008) across the Qinghai-Tibetan
Plateau; and Chaidaer-Muli railway in the southern part of the Qilian
Mountains (Zhang et al., 2011). Applications of thermosiphons in road
and rail embankments have been investigated extensively (for example,
Forsstrom et al., 2002; Hayley et al., 1983; McFadden, 1985; Zhi et al.,
2005; Xu and Goering, 2008; Zarling and Brayley, 1987). Other notable
applications of thermosiphons include but are not limited to archaeo-
logical and culturally significant sites (Goetz, 2010) and containment
and migration of contaminant transport from tailing (Edlund et al.,
1998; Hayley et al., 2004). However, thermosiphons are applied almost
exclusively to protect foundations and piles in large-scale, large-budget
engineering projects, and extend into mineral sediments (e.g., Badache
etal., 2019; Pei et al., 2019; Zhang et al., 2016), and as a result, there is
relatively little information to guide thermosiphon design and applica-
tion for shallow installation in wet organic terrains with discontinuous
permafrost common throughout the Dehcho.

Commercially available thermosiphons are commonly “two-phase
closed thermosiphons” (Azizi et al., 2013; Ahmed and Al Jubori, 2021;
Brusly Solomon et al., 2017; Kim and Moon, 2021), and do not presently
meet many of the needs in the Dehcho and other peatland-dominated
regions with discontinuous permafrost throughout the circumpolar re-
gion (see Supplementary Material). For example, the cost of commercial
thermosiphons is often prohibitively high and as such they are not a
viable option for the growing number of potential users and applica-
tions. They also require heavy equipment (e.g., drilling rigs) for instal-
lation and the employment of certified engineers for their installation,
all of which adds to their cost. Moreover, thermosiphon suppliers offer
little or no option in terms of their basic design, leaving a wide array of
other possible designs unavailable for purchase. This is in part due to the
lack of research exploring different design possibilities and comparing
their performance, particularly in saturated organic soils.

Developing a thermosiphon for a specific environment should
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consider the thermophysical conditions of the environment for which it
is intended. In the Dehcho, the permafrost is relatively warm, being at or
near the ice-nucleation temperature, relatively thin (<10 m), and
discontinuous, occurring in distinct permafrost bodies of variable size
(Quinton et al., 2009; Smith et al., 2010). As such, the permafrost in this
region receives energy by vertical conduction from the overlying active
layer and by horizontal conduction from adjacent, permafrost-free ter-
rains, and thaw is easily initiated by small disturbances to the system
including removal of canopy cover, increase in snow cover, increase in
soil moisture among others (Devoie et al., 2021). These conditions stand
in contrast to those at higher latitudes where permafrost is continuous,
and much thicker and colder.

Consideration should also be given to the unique thermophysical
properties of organic terrains and their effect on the preservation or
thaw of permafrost. For example, the very high porosity (>85%) of the
lightly decomposed peat near the ground surface enables an order of
magnitude variation of its thermal conductivity with seasonal variations
in its moisture content (Woo, 2012). As a result, the near-surface peat
layer can seasonally alternate between functioning as an effective
thermal conductor and an effective thermal insulator over relatively
short periods (Pomeroy et al., 2007). Considering that this layer is the
buffer between the ground and the atmosphere during summer, and the
ground and snowpack during winter, its moisture content strongly af-
fects the thermal condition of the underlying permafrost throughout the
year (He et al., 2015). For the preservation of permafrost, the moisture
content of the near-surface peat should be relatively low during summer
so that the permafrost is insulated, but relatively high during winter so
that the thermal energy accumulated in the permafrost during summer
can be efficiently conducted away from it during winter (Brown, 1963).
At greater depth in the supra-permafrost layer, where the peat is
perennially saturated, the high porosity enables high volumetric mois-
ture contents throughout the year, a condition that prolongs the dura-
tion of the zero-curtain periods during the fall (soil freezing) and spring
(soil thawing) (Hayashi et al., 2007) compared with mineral soils which
have much lower porosities and therefore lower maximum water
contents.

The snow accumulation in the Dehcho is characteristically subarctic
and as such is greater than at higher latitudes, and often exhibits
considerable spatial variability due to variations in topography and/or
vegetation (Faria et al., 2000). The thermal and optical properties of
snow exert a primary influence on the winter heat loss from the ground.
The temperature of the snow at the snow-atmosphere interface is rela-
tively low due to its high albedo, emissivity, and exposure to wind
(Cline, 1997; Marshall et al., 2003; Zhang et al., 2015). The very low
thermal conductivity of cold, dry (i.e., non-melting) snow, due to high
air content, restricts heat fluxes from the ground to the atmosphere
(Cohen, 1994). As a result, permafrost tends to be warmer and more
susceptible to thaw in areas of relatively deep snow (Jafarov et al.,
2018). This common observation suggests that reducing the depth of
snow, particularly in combination with thermosiphons, could enhance
ground cooling or freezing (O Neill and Burn, 2017).

To mitigate the insulative effects of snow accumulation, snow
shades/sunshades (also referred to as snow sheds/sun sheds) have been
used to reduce snow accumulation and cool winter surface temperatures
while maintaining the surface temperatures during the summer at
approximately the air temperature (Doré et al., 2016). The concept of a
snow shading device serves a dual purpose of enhancing cooling in the
winter and reducing heating in summer. By shedding snow, the device
prevents snow accumulation on the ground in the winter, thereby
eliminating the insulating effect of snow and allowing free circulation of
cold air directly in contact with the ground underneath, consequently
enhancing ground cooling. In the summer the device shades the ground
from incoming solar radiation. The use of snow/sunshades have been
applied to embankment protection in the areas of vulnerable permafrost.
The technique was originally developed and tested in Alaska (Esch,
1988), and further tested along the Qinghai-Tibetan Railroad in China
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(Wenjie et al., 2006; Niu et al., 2010) and on the Alaska Highway in
Canada (Malenfant-Lepage et al., 2012a, 2012b). It has been demon-
strated that temperatures at the surface of embankment slopes under
snow/sunshades may be up to 6 °C lower on average when compared
with unprotected slopes (Esch, 1988). Wenjie et al., 2006 reported a
difference of 8 to 15 °C on the Qinghai-Tibetan Plateau (Wenjie et al.,
2006), while Malenfant-Lepage et al. (2012a, 2012b) reported an annual
heat flux of —10,000 kJ/m2 (cooling) for a snow/sunshade protected
slope compared to +14,000 kJ/m2 (warming) for an unprotected slope
(Malenfant-Lepage et al., 2012a). Although the snow/sunshades for
embankment protection have not been widely adopted (Zarling and
Braley, 1986; Doré et al., 2016), applying the concept of a snow shading
cone with a thermosiphon could enhance its ground cooling perfor-
mance, offering a promising solution for stabilizing permafrost in
vulnerable areas.

This study evaluates the ability of a snow reduction cone and two
different thermosiphon designs to freeze saturated peat under natural
conditions. Peat is not only a widely occurring soil in the Dehcho and
throughout much of the circumpolar subarctic but is also among the
most challenging to cool and freeze given its high moisture content. As
such, saturated peat environments are ideal for testing and improving
ground-freezing designs. The performance of two passive systems were
assessed: a snow reduction cone (hereafter “snow cone”) and a relatively
simple thermosiphon (STS) design. These systems are then compared
with a more advanced thermosiphon (ATS) design that combines a snow
reduction cone with an active cooling system intended to enhance its
performance. We then assess the value of upgrading from a relatively
simple/passive design to a more advanced/active thermosiphon design
and make recommendations that consider factors, such as cost, ease of
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installation, and operation.
2. Study site

This study was conducted in the peatland-dominated zone of
sporadic-discontinuous permafrost of the Northwest Territories (NWT),
Canada, and the headwaters of Scotty Creek (61.18°N, 121.18°W), 60
km south of Fort Simpson (Fig. 1a). Scotty Creek is characterized by a
subarctic climate with short dry summers and long cold winters. At Fort
Simpson, mean annual air temperature (MAAT) is —2.6 °C (1981-2010),
with January and July average values of —24.3 °C and 17.5 °C respec-
tively (ECCC, 2021). During the study period (2018-2022), average
summer (June to August), winter (November to April), and annual
temperatures ranged from 14.3°Cto 17.6 °C, —20.5 °C to —15.4 °C, and
— 3.5 °C to —1.9 °C, respectively. There was no significant trend in
summer, winter, or annual temperatures over this period. Peat deposits
at the study site range from 2 to 8 m in thickness and overlie a silty-clay
to clay-rich glacial till (Connon et al., 2015; McClymont et al., 2013).
The land cover is composed of peat plateaus that overlie permafrost and
support black spruce forest, and treeless, permafrost-free wetlands
including thermokarst bogs and channel fens (Fig. 1b; Zoltai and Tar-
nocai, 1974). Permafrost thickness ranges between 5 and 10 m (Burgess
and Smith, 2000) and is isothermal at the ice nucleation temperature
(Connon et al., 2018). Permafrost is therefore highly susceptible to
various types of disturbance (e.g. vegetation removal, organic layer
compression), where the depth to the permafrost table is approximately
0.7 m in undisturbed areas compared to >2 m below disturbed ground
surfaces (Devoie et al., 2019). Detailed descriptions of the hydrological
function and vegetation of each land cover type is provided by Quinton

Fig. 1. (a) Location of study site relative to local communities and northwestern Canada (inset) and grid of seismic lines installed at Scotty Creek and surrounding
areas in 1969. Map data sourced from Natural Resources Canada (2019). (b) Locations of ground cooling systems and controls along a seismic line installed in 1985
that intersects forested peat plateaus underlain by permafrost. Imagery from Worldview 3 captured in 2018.
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et al. (2019) and Garon-Labrecque et al. (2015), respectively.

The most obvious and widely occurring anthropogenic impact on the
land cover at Scotty Creek are seismic lines which are 6-10 m wide
clearings used for oil and mineral exploration (Fig. 1; Williams et al.,
2013). The first series of seismic lines at Scotty Creek were established in
1969, with a second series introduced in 1985. The density of seismic
lines at Scotty Creek is 0.875 km km 2 (Quinton et al., 2011) which is
about five times the natural drainage density of the basin. The present
study was conducted along a 350 m section of a 1985 seismic line at
points where the line traverses a peat plateau (Fig. 1b). The permafrost
table below the seismic lines is relatively deep (> 1.5 m) compared to
the adjacent undisturbed peat plateaus (~0.7 m).

3. Methods

The original intent behind the installation of thermosiphons was to
investigate whether lost permafrost, resulting from surface disturbance
(seismic lines) could be recovered. Two experimental sites were estab-
lished in 2017 (Fig. 1b). The East Site is typically fully saturated at the
end of the summer season with the water table at approximately ground
surface level. In September 2017, permafrost was detected at 2.15 m
below ground surface. The area was vegetated by a mixture of mosses
(Sphagnum spp.), shrubs (Rhododendron groenlandicum), lichens (Clado-
nia spp.), and some sparse tree seedlings (Picea mariana). The West Site
is located approximately 200 m from the East Site, on the elevated north
side of the seismic line adjacent to the peat plateau. The permafrost table
ranges from 1.37 m on the north side (measured August 2018) to 2.5 m
toward the centre (measured September 2017). In late August 2018, a
0.70 m unsaturated zone was present, which is assumed to be the
maximum depth to the water table. Vegetation was of the same
composition as the East Site but with a higher proportion of lichens
(Cladonia spp.). The instrumentation at each site consists of a ground
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control, snow cone, and thermosiphon (TS). Each system and site-
specific conditions are further described below.

3.1. Control sites

The West Control site was established in September 2017 on the peat
plateau at the south side of the seismic line (Fig. 1b). A profile of six
Campbell Scientific model 109 (CS109) thermistors (+0.1 °C) were
installed in the soil to a depth of 2.5 m, which was approximately the
depth of the permafrost table at the time of installation (Fig. 2a). The
East Control site was also established in September 2017 with a profile
of five CS109 thermistors installed to the top of permafrost at a depth of
2.15 m (Fig. 2b). Campbell Scientific CR800 and CR200 data loggers
recorded average temperatures every 30 min at the West and East
Control sites, respectively. Values were then averaged to daily intervals
for analysis.

3.2. Snow reduction cone

Two snow reduction cones were constructed at the East and West
Sites to evaluate the ground thermal response to a reduction in the depth
of the overlying snow cover. The thermal impact of a snow cone was
evaluated separately from the thermosiphons to determine its effec-
tiveness as a stand-alone system and for integration into the design of
the advanced thermosiphon. The East Cone was installed in the centre of
the seismic line ~30 m west of the East Control and the West Cone was
installed at the south edge of the seismic line approximately 1.0 m from
the West Control. No permafrost was detected with a 1.5 m probe at the
end of August 2018 under and around the snow cones.

Each snow cone was made by cutting a galvanized steel sheet, which
was then attached to an aluminum frame tripod. The cone diameter and
height were 1.0 m and 0.6 m, respectively. The top of each cone had a

(a) West (b) East (c) East &
Control Control West Cone
0.60m
@1.00 m
Snow Cover 0.50 m
0.10m e 0.10m |8  Ground Surface ~0.05mle
0.35m|e 0.25m|e
0.50m e 045m e 0.50 m|e
—Thermistor 8;8 m :
1.00m (e 0.95m|® —
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200m|e
2.15m ||
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Fig. 2. Thermistor depths for the west (a) and east (b) control systems. (c) Snow deflection cone design and thermistor depths for the East and West Cones. Shaded
red to blue arrows indicate the direction of heat transfer with the nearby ground and air in winter. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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10 cm opening to allow air circulation and a smaller cone with a 0.25 m
diameter was attached above it on a round steel frame to prevent snow
accumulation under the cone through the top opening (Fig. 2c). The
average distance between the ground and the cone base was approxi-
mately 0.50 m. Thermistors (CS109) were installed directly below the
centre of the cone to a depth of 0.8 m. A Campbell Scientific CR200 data
logger recorded average temperatures every 30 min, then averaged to
daily intervals for analysis.

3.3. Simple thermosiphon

A relatively simple thermosiphon was installed in the seismic line
~10 m from the north edge of the plateau and ~ 30 m from the East
Control (Fig. 1b). It was installed in February 2019 and deactivated in
June 2020. The STS design was single phase and passive, consisting of a
larger-diameter outer pipe (aluminum), and a smaller inner pipe (PVC)
sharing a common axis (coaxial) and extending to the same depth
(Fig. 3a). The internal pipe was open-ended at the top and included 5 cm
long parallel slots at the bottom. A GeoPrecision TNode thermistor string
(£0.1 °C) was attached outside of the exterior pipe extending to 1.5 m
depth (Fig. 3a). Temperatures were recorded hourly and averaged to
daily intervals for analysis.

In a passive system the internal working fluid (glycol-based com-
mercial antifreeze in this case) circulates by natural convection gener-
ated from differences in temperature (and therefore density) of the
coolant (Rahman and Saghir, 2014), and radiative heat transfer to the
atmosphere. When air temperatures fall below that of the coolant in the
above-ground portion of the pipe, the latter cools, densifies, and sinks
downward through the space between the inner and outer pipe. At the
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bottom of the pipe, the coolant is warmed by the ground at that depth
and its density decreases, causing it to flow through the perforations and
rise through the inner pipe. The inner pipe therefore separates the rising
and sinking liquids and facilitates circulation while decreasing turbulent
mixing. Once the air temperature rises above the ground temperature,
convection within the device stops.

3.4. Advanced thermosiphon

An advanced thermosiphon system (Fig. 3b) was established in
August 2018, located approximately 50 m from the West Control and
snow cone (Fig. 1b). The advanced design was also single phase, but
circulation of the fluid was mechanically driven (i.e., active) rather than
driven by density differences alone (i.e., passive). The ATS design
included a mechanical pump affixed to the top of the pipe which used a
simple thermostat to activate the pump only when the air temperature
was below 0 °C. The ATS consisted of a 3 m long aluminum pipe with
interior and exterior diameters of 8.2 cm and 8.9 cm respectively, which
was filled with the same liquid coolant used in the STS (Fig. 3b). A snow
cone was mounted to the exterior wall of the pipe so that the base of the
cone was 0.5 m above the ground surface (Fig. 4a). The pipe was
inserted to a depth of 1.37 m below ground surface, which was the
maximum thaw depth at the time of installation. Thermistors (CS109)
were attached to the outside of the exterior pipe, extending to 1.4 m
depth (Fig. 3b). A Campbell Scientific CR300 data logger recorded
average temperatures every 30 min and then averaged to daily intervals
for analysis. A GeoPrecision TNode thermistor string (+0.1 °C) was
installed 0.25 m from the wall of the thermosiphon under the cone and
recorded average temperatures every 15 min. The intent of the
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Fig. 3. (a) Simple and (b) advanced thermosiphon designs and thermistor depths. Red and blue arrows indicate the direction of heat transfer with the nearby ground
and air in winter. The working fluid sits near the top of the thermosiphon in summer but lowers in winter due to thermal contraction. It is important to consider the
coefficient of thermal expansion of the fluid, ensuring that the internal pipe always remains submerged for proper operation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Average daily ground temperature measurements for each ground cooling system and control where line colours are brighter as measurements increase in
depth. Ground temperatures for the Active TS and Simple TS were measured along the TS wall. The Simple TS was deactivated early June 2020.

installation was to place the base of both thermosiphons at the depth of
maximum thaw. Although either installation did not extend into the
permafrost, both extended beyond the active layers traversing the taliks,
with the aim of refreezing them. The elimination of a talik is a necessary
step for permafrost aggradation. The rationale behind this methodology
is that this would be the recommended procedure for small-scale,
community and private property installation.

3.5. Heat transfer analysis

3.5.1. Snow reduction cones
The dominant heat transfer mechanism for the controls and snow

cones is vertical conduction to and from the ground surface (red arrows
in Fig. 2). To estimate vertical flux, each soil profile was divided into
several homogenous horizontal layers based on thermistor depths. The
thermal conductivity was estimated for each layer at a daily time step
using Eq. (1):

Kisr = Kapi() + Kpea (1 — 1) (@)

where Kq 5 [W/m°C] is the bulk thermal conductivity for a dry unfro-
zen/frozen (Ky), saturated unfrozen (Kj), or saturated frozen (Kj) soil
layer. K, ; [W/m°C] is the thermal conductivity of air (K, = 0.025 W/
m°C), liquid water (K; = 0.6 W/m°C), or ice (K; = 2.14 W/m°C), Kpeq is
the thermal conductivity of peat (0.25 W/m°C), and 5 [—] is the porosity
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of the soil (Woo, 2012). A soil layer was assumed frozen if its temper-
ature fell below 0 °C since the freezing-point depression (—0.01 °C to
—0.07 °C) estimated from the ground temperature data fell within the
accuracy range of the thermistors (+0.1 °C). To account for the uncer-
tainty in the porosity of peat, a minimum, average, and maximum value
was used to calculate Kq sy for each soil layer (table in Supplemental
Material) using Scotty Creek measurements by Quinton et al. (2008). A
bulk thermal conductivity for the profile was calculated using the depth-
weighted harmonic mean of all soil layers to a maximum depth of 1 m.
This value was then used with Fourier’s law to compute daily heat flux
[W/m?], where the thermal gradient was calculated using ground
temperatures at or near 0.25 m below ground surface and at or near 1 m
for each system (Lienhard IV and Lienhard V, 2006) which are the most
consistent depths across systems. The resulting flux was multiplied by
the area under a cone (0.79 m?) for all systems and summed for each
year to compare daily and net annual heat transfer [in W] for the near
surface 0.8-1.0 m.

For all systems at the East Site, the ground was assumed to be fully
saturated all year based on visual observations of the site. For the West
Site systems, an average unsaturated zone of 0.50 m was assumed for all
of August and September with no unsaturated zone (i.e., fully saturated)
for the remainder of the year. This assumption is based on data patterns
from a water level recorder near the site. In the absence of continuous
moisture content values, these assumptions are aligned with previous
knowledge of the site and are considered conservative.

3.5.2. Thermosiphons

The predominant mechanism for radial heat transfer to and from the
ATS and STS is conduction (red horizontal arrow in Fig. 3). To calculate
the radial heat transfer, the system was again divided into uniform
horizontal layers that consist of the same porosity and saturation con-
ditions for the east and West Sites as used for the vertical heat transfer
calculations. The freeze/thaw radius surrounding the thermosiphon was
then computed for each soil layer using a closed-form solution to the
heat equation with phase change in cylindrical coordinates from Jaeger
and Carslaw (1959):

Ky fTt )

2R*In <§) —-R+a =4
where R [m] is the radius of the freezing or thawing front spreading from
the thermosiphon, a [m] is the outer radius of the thermosiphon (ATS =
0.045 m, STS = 0.038 m), K45 [W/m°C] is the bulk thermal conduc-
tivity of the soil (computed from Eq. (1)) up to radius R, T [°C] is the
temperature of the thermosiphon, t [s] is time since freeze/thaw initi-
ation, and L [J/kg] is the latent heat of fusion of water (334,000 J/kg).

To calculate the thermal gradient, it was assumed that the ground
temperature outside of the radius of freezing was equal to the ground
temperatures measured at the control sites, and the temperature at the
freezing/thawing front was at the freezing point (0 °C). Assuming an
equilibrium temperature gradient between the thermosiphon and
freezing front, R was used with the control data to apply Eq. (2) to
calculate the heat flux at a daily time step for each soil layer along the
thermosiphon and summed using the thermosiphon area to obtain the

Table 1
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total radial heat transfer. Details of soil properties in each layer are
included in Table 1. In the case of changing from freezing to thawing (or
vice-versa), the freezing or thawing duration, t, is reset. This allows to
change between thawing and freezing seasonally. However, in shoulder
seasons there are often short duration events (e.g., three above-zero days
in early winter). To maintain all the previous freezing information (e.g.,
from the early winter), the previous maximum freeze/thaw radius, R,
and the time, t, is stored to compare to the new position of the freeze/
thaw interface. This allows the solver to recover from short-duration
warm or cold spells without significant information loss.

Once the radius of freeze/thaw is established using Eq. (2) the radial
heat flux to or from the thermosiphon can be calculated assuming a
linear temperature gradient between the temperature measured at the
wall of the thermosiphon and the freezing point, a distance R from the
thermosiphon. It is assumed that the radial temperature distribution is
steady state (i.e., linear). Due to the slow nature of temperatures fluc-
tuations, it is likely that this assumption is realistic. The thermal con-
ductivity is chosen to reflect the frozen/thawed state of the soil. This
calculation is repeated to calculate the thermal flux for each thermistor
depth and summed using the thermosiphon area to obtain the total
radial heat transfer. Given the equilibrium assumptions, this is a con-
servative estimate of radial heat transfer. Vertical heat transfer was also
calculated for the thermosiphons as described in Section 3.5.1 and
added to the radial value to estimate total heat transfer for each
thermosiphon.

4. Results
4.1. Control sites

Ground temperature time series for the West Control are generally
consistent for each winter and summer between 2018 and 2022 (Fig. 4).
At the end of August 2018 (when the ATS and snow cones were
installed) the ground temperatures at the West Control site, at 0.5 m, 1.0
m, and 1.5 m below the ground surface, were 7.7 °C, 4.7 °C and 2.4 °C
respectively. Ground temperature time series for the East Control have
generally consistent patterns between 2018 and 2021 summers, but
winter ground temperatures are more variable with the lowest occurring
in winter 2020 (Fig. 4).

Maximum and minimum ground temperatures are generally greater
at the East Control compared to the West Control, particularly near
surface (Fig. 5). For example, maximum and minimum ground tem-
peratures in 2021 at 0.1 m were 16.78 °C and — 1.18 °C for the West
Control, compared to 22.40 °C and — 4.58 °C for the East Control.
However, average winter and summer ground temperatures between 0.5
and 1.5 m (selected depth for consistency) for 2018-2021 are compa-
rable at both control sites (Table 2), which can be expected considering
lower ground temperature fluctuations at increasing depths. Average
winter ground temperatures typically hover around the freezing point
for both sites.

Range of porosity values used in heat flux calculations for each soil depth and corresponding frozen/unfrozen thermal conductivity.

Soil Depth (m) Porosity, 1 Thermal Conductivity (W/m°C)
Avg. Max. Min. Avg. Frozen Avg. Unfrozen Max Frozen Max Unfrozen Min Frozen Min Unfrozen

Unsaturated 0.05-0.10 0.94 0.97 0.91 0.04 0.04 0.03 0.03 0.05 0.05

0.25-0.35 0.86 0.93 0.79 0.06 0.06 0.04 0.04 0.07 0.07

0.40-0.50 0.83 0.88 0.78 0.06 0.06 0.05 0.05 0.07 0.07
Saturated 0.05-0.10 0.94 0.97 0.91 2.03 0.58 2.09 0.59 1.96 0.94

0.25-0.35 0.86 0.93 0.79 1.88 0.55 2.01 0.58 1.74 0.53

> 0.40 0.83 0.88 0.78 1.82 0.54 1.92 0.56 1.72 0.52

Values are from Quinton et al. (2008) using Eq. (1) and component (i.e., water, ice, air, peat) thermal conductivities in Section 3.5.1.
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Fig. 5. Annual ground temperature envelopes for each system based on measured maximum and minimum average daily ground temperatures. The shaded grey bar
indicates depths where maximum ground temperatures were reduced below 0 °C for at least one year. Note, maximum and minimum ground temperatures are not
available for all years at all depths due to malfunctioning sensors or power issues.

Table 2
Average winter (measured for Feb-Apr) and summer (measured for May-Aug)
ground temperatures in °C between depths of 0.5-1.5 m.

Average Winter Temperature (°C) Average Summer

Temperature (°C)

2019 2020 2021 2019 2020 2021
West —0.06 + —0.04 + 1.5+ 1.5+ 2.2+
Control 0.04 0.05 2.5 2.4 3.0
Advanced -39+ -5.7+ —6.1 + 09 + 0.9 +
TS 3.8 2.7 2.9 1.6 1.8
East —0.06 + 0.01 + 2.1+ 2.6 +
Control 0.3 0.2 1.9 2.8
Simple TS -21+ -35+ 1.0 +
2.1 2.1 1.6

This depth range was selected for consistent comparison between thermistor
profiles. Standard deviation is represented by =+.

4.2. Snow reduction cone

During the winter of 2018/2019 snow accumulation around the
snow reduction cones gradually reduced the snow-free area at the base
of the cones. However, at the peak of snow accumulation around the
cones, there was a visible snow-free area at the base of the cones
approximately 4 cm wide and 60 cm long at the East Cone (no data
available for the West Cone), which allowed for the air circulation and
consequent heat loss from the ground to the atmosphere. Images from an
infrared camera (Flir, ESXT) also measured higher temperatures under
the East Cone than surrounding snow-covered areas, indicating
increased heat removal from the ground (Fig. Al in Supplementary
Material).

Ground temperature time series for the East Cone show distinctive
and consistent results for all three winter seasons (Fig. 4). Similar to the
control sites, ground temperature ranges were larger for the East Cone
than the West Cone (Fig. 5). Average temperature between 0.7 and 0.8 m
below ground surface was selected as a critical depth in the active layer
for the comparison of the snow cones and controls. For the East Cone,
the average temperatures within the soil vertical profile between 0.70
and 0.80 m below the ground surface were consistent for all three
winters between 2019 and 2021 (Table 3). Notably, average summer
ground temperatures at these depths were similar to winter. The winter
ground temperatures were comparable to the East Control site,
measured at 0.75 m. However, summer ground temperatures at the East
Control site were considerably higher ranging between 2.8 and 3.3 °C
and showed an increasing trend. The West Cone also showed similar
average annual ground temperature trends for both winter and summer
seasons. Average summer and winter ground temperatures for both
cones were comparable. Similar to the East Cone, average summer
ground temperatures for the West Cone were lower than at the West
Control site at 0.80 m below the ground surface (large data gap for 0.70
m), which ranged between 2.1 °C and 3.3 °C.

At the end of August 2019 there was a 0.15 m thick frozen layer
around both cones at a depth between 0.60 and 0.75 m below the ground
surface. The radial distance of the frozen ground was approximately
0.50 m from the edge of the cones. The frozen lens was maintained
during the summers of 2020 and 2021 under the East Cone as evidenced
by the consistent below 0 °C temperatures at the ground depths between
0.70 and 0.80 m (Figs. 5 and 6b). Under the West Cone, below 0 °C
temperatures were maintained at 0.50 m in 2019 and 2020, and at 0.80
m in 2020 and 2021. The thermistor at 0.70 m malfunctioned between
May 2020 and September 2021, but frost probing suggests this depth
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Average winter (measured for Feb-Apr) and summer (measured for May-Aug) ground temperatures in °C at the 0.7-0.8 m soil profile for the East Cone, 0.8 m for the
West Cone, and 0.75 m for east and west control sites. Standard deviation is represented by +.

Average Winter Temperature (°C)

Average Summer Temperature (°C)

2019 2020 2021 2019 2020 2021
West Control —0.1 + 0.04 —0.08 + 0.06 —0.05 + 0.01 2.1+24 21+23 3.0+3.0
West Cone —0.02 + 0.002 —0.03 + 0.009 —0.07 + 0.02 —0.01 + 0.02 —0.04 + 0.003 —0.05 + 0.006
East Control -0.2+0.1 —0.07 £ 0.1 2.8+1.8 3.3+29
East Cone —0.02 £ 0.005 ~0.3+0.2 —~0.4+0.2 —0.02 £ 0.004 —0.1 + 0.02 —0.1 + 0.03
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Fig. 6. (a) Comparison of daily average ground temperatures at 0.5 m depth for all systems and controls except for the East Control where ground temperatures are
from 0.45 m. (b) Daily average ground temperatures for depths where frozen ground was generated (i.e., temperatures remained below 0 °C). Note that the vertical

scale has been magnified and UTC = under the cone and TS = Thermosiphon.

likely also remained frozen. By September 2022, the frozen lens grew to
0.29 m thick between 0.61 and 0.9 m under the West Cone and 0.49 m
thick between 0.66 and 1.15 m under the East Cone. In each of these
cases, the enhanced heat export due to the lack of snow cover under the
cone resulted in the formation and growth of permafrost in the previ-
ously permafrost-free sites, extending beyond the direct footprint of the
snow cone itself. This radial freezing beyond the cone can be explained
through radial heat transfer, where the cooling induced by the snow
cone affects a surrounding region through radial conduction. No
permafrost was detected beneath these generated frozen layers of each
cone with a 2.0 m frost probe.

4.3. Simple thermosiphon

The STS design explored the efficacy of the natural convective heat
transfer and the capacity of this model to maintain low ground tem-
peratures within the active layer. Prior to the installation at the begin-
ning of February 2019, the initial ground temperatures for all three
depths of 0.5 m, 1.0 m and 1.5 m below the ground surface were —
0.1 °C. Winter-time ground temperatures between 0.5 and 1.5 m were
very similar indicating the thermosiphon was functioning correctly and
heat transfer was occurring along the thermosiphon pipe (Fig. 4). Five
days after the installation the average ground temperature at these
depths was —7.2 °C (40.2), whereas at the East Control site it was
0.10 °C (+0.05). The average ground temperature between 0.50 and
1.50 m was considerably lower than the East Control site during the
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winter and moderately lower in the summer (Table 2). Maximum
ground temperatures did not remain below freezing during summer
(Fig. 5). This observation suggests that heat transfer through conduction
likely played a significant role, facilitated by both the internal fluid
within the thermosyphon and the pipe that constitutes the thermosy-
phon itself. A similar process could have influenced the cold bias during
winter. Summer ground temperatures at 0.5 m were similar to the
control, but onset of spring thaw occurred a few weeks earlier (Fig. 6a).
Following the deactivation of the thermosiphon, winter ground tem-
peratures more closely reflected the ground temperatures at the East
Control, indicating the effectiveness of the STS at cooling the ground
while operational (Fig. 5).

4.4. Advanced thermosiphon

The ATS design aimed to investigate the combined impact of forced
convection (achieved through a pump-enhanced movement of heat-
carrying liquid) and the absence of snow insulation on ground cool-
ing. The study observed ground temperature patterns at different depths
from the onset of consistent below 0 °C temperatures within the soil
profile in late October 2018 until mid-April 2019. The results demon-
strated a consistent heat transfer along the thermosiphon pipe (Fig. 4).
During the first winter after installation, a period of battery failure led to
the pump shutting down in December 2018 and January 2019. Addi-
tionally, the snow cone failed to maintain a snow-free area, resulting in
thorough insulation of the ground surface under the cone by the end of
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December 2018. Despite the pump shutdown in December, there was a
decreasing ground temperature trend due to the combined effects of
natural convective heat transfer within the thermosiphon and ground
heat loss through the snow-free surface. In January, as snow gradually
covered the ground, the rate of vertical heat transfer was impeded. At
the beginning of February 2019, the snow around the cone (approxi-
mately 0.70 m in depth) was removed, and the pump was reactivated.
Within two days, ground temperatures along the thermosiphon wall
reached their minimum seasonal values, ranging from —13.3 °C to
—14.2 °C. These findings underscore the importance of considering
snow and pumping efficiency in ground cooling systems and offer
valuable insights for future installations. Comparing the ATS profile
with the STS, it was observed that maximum and minimum annual
temperatures were generally lower for the ATS (Fig. 5). Notably, winter
ground temperatures measured at 0.5 m were similar between both TS
systems (Fig. 6a). However, the average winter and summer ground
temperatures between 0.5 and 1.5 m were lower for the ATS compared
to the West Control and the STS. Furthermore, there was a decrease in
average winter ground temperatures between 2019 and 2021 (Table 2).
By the end of August 2019, perennial frozen ground was observed
around the thermosiphon/cone system at 0.70 m depth, extending
55-90 cm radially from the cone edge. By early September 2022, a
frozen “half egg shape” was present around the cone edge at an average
depth of 0.59 m, extending radially 0.50-1.00 m toward the center of the
seismic line (southwest) and over 200 cm toward the undisturbed
plateau (northeast).
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Fig. 7. Summary of daily heat transfer estimated for each system at the (a) West Site and (b) East Site. Calculations for the East systems assumed saturated conditions
year-round, whereas the West Site assumes a 0.5 m unsaturated zone from August 1 to September 30 of each year.
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4.5. Heat transfer

Daily heat transfer was calculated for each ground cooling system
and control, where each system at the West Site had a 0.50 m unsatu-
rated zone for August and September and the East Site remained fully
saturated year-round (Fig. 7). The introduction of an unsaturated zone
dramatically reduced the heat transfer for all systems and controls. For
the West Control, ground heat loss during the winter (negative heat
transfer) was smallest in magnitude compared to the West Cone and
ATS, and heat gain (positive heat transfer) was the greatest. This
resulted in a net annual warming of the West Control site for all three
years of analysis (Table 4). The West Cone promoted earlier (6-8 weeks)
and greater heat loss in winter relative to the control due to enhanced
snow reduction. Summer heat gains were also delayed (4-6 weeks) and
reduced compared to the control. Overall, the West Cone lost heat for
each year of analysis with greater heat loss occurring in 2019-2020. The
ATS produced the earliest and greatest heat loss over winter and the
lowest heat gain in summer, resulting in an order of magnitude more
heat loss annually compared to the West Cone (Table 4).

The heat transfer patterns for the East Site are similar to the West Site
for the years where all systems are active (Fig. 7). The main difference
between the two sites was that the heat gain in summer was similar
between all the east systems and occurred with minimal lag times, while
there were clear differences in summer heat transfer between the west
site systems. Heat transfer for the East Cone in the summer was also
higher than the East Control, but this was offset by the much greater heat
loss in the winter resulting in net ground cooling. Net annual heat
transfer was more variable for the East Cone and control from year-to-
year. This may be due to saturated conditions resulting in a closer
thermal coupling between ground and air temperatures (due to higher
thermal conductivity) leading to greater interannual variability.

When comparing the seasonal heat transfer across systems at both
sites, the advantage of a thermosiphon is clear as it starts to cool the
ground in early fall (Table 5). During winter at the West Site, similar
results as the net heat transfer estimates can be seen where the ATS
removes the most heat followed by the snow cone. Interestingly, this is
not the case at the East Site where the snow cone appears to remove
more heat than the STS. This may be attributed to site specific hetero-
geneity or indicate that the cone excels when the ground is highly
saturated. Although it was expected that the snow cone would also
provide cooling through summer shading, the heat transfer in summer is
relatively comparable across all sites and systems.

5. Discussion
5.1. Thermosiphon comparison

Both thermosiphon designs enhanced the rate of heat removal from
the ground relative to the control sites. Moreover, both sites instru-

mented with thermosiphons demonstrated an annual net negative en-
ergy balance as manifested by ground cooling, while the ground below

Table 4
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the control sites warmed over the same period (Tables 3 and 4). The STS
and ATS designs performed similarly at 0.5 m below the ground surface
as demonstrated by the converging ground temperature profiles
(Fig. 6a). However, at the 1.0 m and 1.5 m depths, the ATS removed
more heat from the ground. The cooling rate as indicated by the time lag
between a change in air temperature and the subsequent change in
ground temperature was not significantly different between the two
designs (Fig. 6a). However, the ground surrounding the ATS cooled to
lower temperatures, and the net annual heat transfer for 2019-2020 at
that site was 2.6 times greater than that at the STS site. Although the ATS
performed considerably better from an annual energy budget perspec-
tive, the seasonal comparison suggests the ATS is not considerably more
effective than the STS when operating in winter (Table 5). It is important
to note that the East site where the STS is located is wetter than the ATS
which would enhance the total heat transfer once frozen. The ATS
generated and maintained frozen ground throughout the year (Fig. 6b),
which is attributed to the enhanced circulation provided by the pump
and enhanced cooling provided by the cone in winter and summer.

Although the STS did not maintain ground temperatures below 0 °C
throughout its year of operation, the net negative heat transfer calcu-
lated for this design suggests it could generate frozen ground with
continued operation. The initial presence of permafrost determines the
trajectory of below 0 °C ground temperatures, so the difference in initial
depth to permafrost between the ATS and STS likely influenced the re-
sults. Annual below 0 °C ground temperatures were maintained in the
soil profile around the ATS up to 1 m above the initial permafrost table
for four consecutive years (up to September 2022). Similar results can be
expected for the STS, but after annual frozen ground becomes regener-
ated. Considering the snow cones generated frozen ground within two
years of operation, with a much lower degree of net annual cooling
(Table 3), it is likely the STS would generate frozen ground following an
additional winter of operation.

5.2. Effects of snow reduction

Snow is a critically important cryogenic element of northern envi-
ronments (Mellander et al., 2007) whose effect on subsurface thermal
regimes varies with its depth, density, structure and duration on the
ground (Zhang, 2005). Although the STS and ATS sites experienced
greater ground cooling than the snow reduction cones, analysis of the
data from below the latter indicates that such instruments, even when
unaccompanied by thermosiphons, can alter the annual thermal regime
of the soil from net positive (warming) to net negative (cooling). For this
study, such cooling included the development of year-round sub-zero
ground temperatures in the 0.7 to 0.8 m depth range within two years of
installation.

This study quantifies the effect of snow cover reduction on ground
thermal regimes and demonstrates that a simple instrument designed to
reduce snow cover offers a practical and inexpensive solution for cases
where a minimal decrease in subsurface temperature is sufficient to
preserve permafrost. Since the West Cone was found to increase heat

Summary of net annual heat transfer calculated from September 1 to August 31 of each year estimated ~0.25-1.00 m below ground for the controls and thermosiphons

and 0.25-0.8 m for the snow cones.

Site System Net Annual Heat Transfer (W)
2018-2019 + 2019-2020 + 2020-2021 +
West Site West Control 507 16 442 10 405
West Cone -173 9 - - - -
Active TS —811 75 —1165 96 —979 88
East Site East Control - - 98 3 263 10
East Cone -187 13 —657 42 —354 28
Passive TS - - —449 18 - -

The uncertainty (+) is the average difference in heat transfer calculated using the upper and lower values of porosity. A negative or positive value indicates a net heat

loss or gain, respectively.
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Table 5
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Summary of seasonal heat transfer (2019-2020) estimated ~0.25-1.00 m below ground for the controls and thermosiphons and the top 0.8 m for the cones.

Site System Seasonal Heat Transfer (W)
Fall 2019 + Winter 2019-2020 + Spring 2020 + Summer 2020 +
West Site West Control —44 3 -175 460 19 201 3
West Cone 2 1 —464 24 - - - -
Advanced TS —242 21 —1156 87 0 1 233 13
East Site East Control 28 1 -179 7 6 0 243 9
East Cone 101 2 —-997 26 -115 3 313 7
Simple TS —86 9 —829 61 88 5 378 18

The uncertainty (+) is the average difference in heat transfer calculated using the upper and lower values of porosity. A negative or positive value indicates a net heat
loss or gain, respectively. Fall: September 1 to November 30, Winter: December 1 to March 31, Spring: April 1 to June 30, Summer: July 1 to August 31.

transfer from the ground by 10-18% compared to the West Control, it is
suggested that including a snow cone in the design of the ATS (Fig. 3b)
increased overall ground cooling proportionately. The cone may also
reduce the thaw rate during the snow-free period by providing shade to
the ground surface and by reflecting solar radiation, thought evidence
for this shading effect is minimal in the seasonal heat flux calculations
presented in Table 5.

A snow reduction cone added to a thermosiphon can therefore
significantly increase the impact on ground cooling. Numerous snow
reduction methods have been used to promote ground cooling, partic-
ularly along transportation corridors such as on the Baikal-Amur
Mainline, Russia (e.g., Kondratiev, 2013), the Qinghai-Tibet Highway,
China (e.g., Niu et al., 2008), or the Alaska Highway, Canada (Gagnon
et al., 2022). The present study supports this work, demonstrating the
benefits of incorporating snow reduction into the design of a thermosi-
phon specifically for wetlands, a dominant terrain type of subarctic re-
gions that is not well represented by data from transportation corridors.

5.3. Effects of soil moisture on heat transfer estimates

The heat transfer calculations provide a first approximation of the
heat removed by the ground cooling systems presented in this study as
compared to similar control sites. The heat transfer calculations were
most influenced by moisture conditions near-surface (dry or saturated in
this case) and less sensitive to porosity (Table S1). Since near-surface
peat has porosities from 79 to 94%, the addition of even a thin
(10-20 cm) unsaturated zone was sufficient to impede vertical heat
transfer (results not presented) despite the depth-weighted averaging
approach for estimating thermal conductivity. The time of year when
the unsaturated zone was present also influenced the annual energy
balance. For example, net annual cooling was only achieved for the West
Cone when an unsaturated zone was included to offset summer heating,
but winter conditions remained saturated. Since frozen ground was
being generated below the West Cone (physically measured), it sug-
gested net cooling had to be occurring and supported the inclusion of a
summer unsaturated zone in the analysis. Additionally, the thermal
insulation from unsaturated peat in summer and enhanced heat removal
from saturated frozen peat in winter is commonly attributed to perma-
frost protection in subarctic peatlands (e.g., Brown, 1963; Camill, 1999;
Quinton and Baltzer, 2013; Woo, 2012).

In the absence of moisture content and water level data for the period
of analysis, a simplified approach was undertaken to compare the per-
formance of each ground cooling system. The effect of near-surface
moisture conditions on the heat transfer results suggests future
research should incorporate more robust temporal moisture content
measurements into the analysis to refine these estimates. Such mea-
surements will also be important when evaluating ground cooling sys-
tems under future climate change scenarios as air temperatures increase
and precipitation patterns change (Bring et al., 2017; Derksen et al.,
2015; Larsen et al., 2014; Liston and Hiemstra, 2011).
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5.4. System advantages and limitations

All three systems assessed in this study are relatively low-cost and
easily deployable compared to the industry alternatives. Comparing the
performance of the systems in this study to commercially available
systems is challenging considering subsurface and environmental con-
ditions will greatly impact heat transfer rates (Zarling et al., 1990).
However, it is anticipated that the thermosiphons assessed in this study
would be less efficient than two-phased thermosiphons common in in-
dustry due to the importance of using a low viscosity working fluid for
heat transfer efficiency (Long and Zarling, 2004).

While comparing the cost of a single-phase and two-phase thermo-
siphons without specific project details is challenging, certain advan-
tages of a single-phase thermosiphons are apparent. The main
distinction lies in the absence of compressed gas in a single-phase
thermosiphon, resulting in potential cost advantages. Additionally,
installation of a single-phase thermosiphon requires less qualified labor
(required for installation of high-pressure components) compared to
two-phase systems. An approximate cost for a single-phase thermosi-
phon range is a few hundred dollars compared to a few thousand dollars
for a two-phase thermosiphon. Single-phase design not only offers an
easily deployable, cost-effective alternative for small scale projects and
private infrastructure support, but it is also compatible with an existing
pile foundation technology, which means that incorporating single-
phase thermosiphons into existing pile foundations can be achieved
without requiring significant structural changes, making one-phase
thermosiphons a cost-effective solution as an add-on component for
existing ground cooling systems.

The low-cost single-phase TS designs, particularly in combination
with snow reduction component, offer the ability to generate and
maintain frozen ground in ground conditions that are highly saturated
and relatively warm. Given their performance in these systems with high
thermal inertia, it is expected that they would perform just as well or
better in unsaturated mineral soils, and the differences in performance
between the systems would be similar.

When fully operational, the ATS system demonstrated the highest
heat transfer, and although individual components (e.g., mechanical
pump) can fail due to extreme weather conditions, natural convection
maintained heat transfer even in the case of enhanced circulation
shutdown. Although the thermosiphons have the potential to conduct
heat into the ground through the stationary fluid during summer, this
appears to be relatively minor and is compensated during winter to
produce net annual cooling. From September 2019-2020, the net heat
loss from the ground below the East Cone was almost half of that lost
from around the STS (Table 3). This suggests that the addition of a snow
reduction cone to the STS design would significantly enhance its per-
formance, while remaining a low-maintenance and passive option. Two
crucial factors must be considered when estimating the effectiveness of
the thermosiphons: the minimum temperature to which the thermosi-
phon is exposed during winter, and the area of the thermosiphon that is
exposed above the ground. While winter temperatures cannot be
controlled, the effectiveness of a thermosiphon can be enhanced by
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increasing its exposed area. Given that both thermosiphons were
installed in peat with 80% porosity, and the water table was approxi-
mately at the ground surface, the performance of the thermosiphons was
considered effective for the duration of their operation and are expected
to freeze the taliks and maintain aggregated permafrost. Further
research is required to explore the relationship between the area of the
exposed part of the thermosiphon above the ground and the depth of
effective ground cooling, involving on-site experiments and mathemat-
ical modelling.

All three systems have potential applications within and in proximity
to remote communities, such as in support of local infrastructure, as well
as relatively simple and affordable tools to support customised strategies
to adapt to permafrost thaw.

6. Conclusions

This study compared three ground cooling systems including a pas-
sive single-phase thermosiphon (STS), a single-phase active thermosi-
phon with snow reduction cone (ATS), and a stand-alone snow reduction
cone. It was demonstrated that all three systems can be used to reduce
ground temperatures in a high saturation peat environment. The
advanced design demonstrated the greatest net ground cooling. How-
ever, the simple design appeared to be as effective at cooling the ground
as the ATS during its one winter of operation while having no energy
dependency, making it less prone to failure. Stand-alone snow reduction
cones maintained annual ground temperatures below 0 °C at 0.7-0.8 m
depths and generated frozen ground that increased in thickness over the
study period. Although snow reduction is a dominant factor, other
processes such as shading from solar radiation, may have contributed to
the overall ground cooling effect. Results from this study indicate that
the addition of a snow reduction cone enhances the performance of
thermosiphons. Thus, an STS equipped with the snow reduction cone
presents an attractive alternative to the ATS design given its much lower
cost, greater versatility and ease of deployment and use.

This study emphasizes the importance of identifying localized
geophysical and environmental conditions as the basis for determining
the most suitable cooling system for mitigation and control of ground
thermal profiles. Although thermosiphon technology has been used to
suit a range of applications for over 60 years and its purpose is well
acknowledged, the alarming rate of climate change in the North em-
phasizes the importance of novel mitigation and adaptation strategies
designed for a range of soil types. Considering the prospective applica-
tions of ground cooling technologies, the novel ground cooling systems
must integrate performance and deployment efficiency, maintenance
accessibility and cost considerations.

This investigation supports the development of low cost, readily
deployable ground cooling devices that may serve to mitigate perma-
frost thaw and improve the adaptability of engineering designs to a wide
range of changing environmental conditions.
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