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Abstract: We suggested earlier a new sustainable method for permafrost thermal stabilization that
combines passive screening of solar radiation and precipitation with active solar-powered cooling
of the near-surface soil layer thus preventing heat penetration in depth. Feasibility of this method
has been shown by calculations, but needed experimental proof. In this article, we are presenting
the results of soil temperature measurements obtained at the experimental implementation of this
method outside of the permafrost area which actually meant higher thermal loads than in permafrost
area. We have shown that near-surface soil layer is kept frozen during the whole summer, even at
air temperatures exceeding +30 °C. Therefore, the method has been experimentally proven to be
capable of sustaining soil frozen. In addition to usual building and structures’ thermal stabilization,
the method could be used to prevent the development of thermokarst, gas emission craters, and
landslides; greenhouse gases, chemical, and biological pollution from the upper thawing layers, at
least in the area of human activities; protection against coastal erosion, and permafrost restoration
after wildfires. Using commercially widely-available components, the technology can be scaled up
for virtually any size objects.

Keywords: solar energy; permafrost; geothermal energy; seasonally thawed layer; thermosyphon;
heat flux; performance indicator; near-surface layer; heat shielding

1. Introduction

Permafrost is characterized by a subzero temperature of rocks and/or soil for two or
more years and the absence of seasonal thawing. Permafrost underlies ca. 35 million km?
of land around the world: throughout Antarctica, about 85% of Alaska, 65% of Russia, 55%
of Canada, about a quarter of the Northern Hemisphere.

The general trend for global temperature increase leads to permafrost thawing. Global
warming is currently most pronounced in the Arctic, twice faster than the global average,
leading to up to 0.7 °C/decade air and 1.0 °C/decade soil temperature increase [1-4]. This
leads to permafrost thawing resulting in ground deformation, among other things. During
the last century, permafrost regions shrunk by ca. 10%, and each 1 °C of warming leads to
a loss of ca. 5.8 million km?. Permafrost also exists in 3.56 million km? of alpine regions,
where its thawing leads to rock and ice falls, landslides, and floods. Even if permafrost still
has a negative temperature, its bearing capacity could be significantly reduced.

To protect constructions and buildings from damage caused by underlying permafrost
degradation (for 80% of those in Russia, hard frozen soil is critical for the foundation),
different methods are used currently, but those are becoming insufficient at ambient changes
in conditions (thermosyphons, screens) or too expensive (fossil fuel-driven refrigerators).
Despite long experiences of these methods” implementation, analysis of best practices
and cost effectiveness is still missing. This leads, particularly, to inappropriate methods’
application; e.g., thermosyphons have been suggested originally to maintain soil frozen
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in depth, under foundation pillars, but those are widely used now where near-surface
freezing is actually needed.

The importance of soil state monitoring is also increasing to prevent disasters, but it is
rather expensive across vast unpopulated areas. Nowadays, damage to property caused by
permafrost degradation in Russia is measured in USD 100 M yearly [5,6]. While, even in
monetary terms, harm to nature can be orders of magnitude higher (recent 21,000 t diesel
fuel spill in Norilsk from a reservoir costing USD 300 k led to USD 15 M direct losses and
USD 3 B environmental damage reimbursement). All this makes new and cost-effective
approaches for permafrost thermal stabilization highly demanded.

We have earlier devised a concept combining passive shielding of solar radiation and
precipitation and active cooling of the soil by solar-powered heat pump [7,8]. Assuming
solar power generation efficiency to be 15% and power-to-chill efficiency to be 3.3, overall
cooling effect is about a half of the solar radiation, in addition to the latter being completely
rejected from the soil surface. Unlike thermosyphon-based systems [9] buried to ca. 10 m,
we suggest cooling the near-surface layer and, therefore, prevent the heat penetration in
depth, significantly reducing the active layer thickness to the ground probes’ position
(first decimeters). These shallow ground probes could be highly demanded in mountainous
areas, particularly, to prevent landslides. A significant thermal inertia of the soil resolves
the main problem of the renewable energy—the need to maintain a balance of intermittent
generation and priority consumption—here, energy can be used as it is generated without
special storage devices. Greenhouse gases, chemical, and biological pollution [10] coming
from the near-surface soil levels mainly are also prevented in this way. Such distributed
solar-powered systems are well suited for critical infrastructure protection [11]. Presence of
an autonomous power source provides possibilities for thorough monitoring of soil and
protected objects in general.

We have performed an experimental proof of this concept, particularly near-surface
heat shielding layer maintenance possibility, and hereby present the obtained results.

2. Experimental Site and Setup
2.1. General Layout

The experimental site consisted of the reference plot for soil temperatures and the
experimental setup (Figure 1). The latter consisted of the sand prism (2.5 x 5.5 m footprint,
1.1 m height, 1:1 rate of the side slope) with buried temperature sensors and cooling
ground probes (20 cm below sand surface at sides and top) and 100 mm extruded polystirol
foam heat insulation (0.033 W/(m-K)) at the bottom and end faces; south end face was
additionally covered with Al-foiled LDPE foam (5 mm thick).

(b)

Figure 1. General view of the experimental setup at construction (a) and operation (b).

2.2. Electric Subsystem

Solar panel arrays were placed ca. 40 cm above sand surface: at E and W faces at 45°
tilt; the top array had just 2° tilt to S. Different types of solar modules were used: flexible
mono-Si (1 kW, E side), rollable CIGS (1 kW, top), and framed poly-Si (0.9 kW, W side). Each
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array had a separate MPPT tracker (Photon-150-50, A-electronica) coupled to a 2.4 kWh
Li:FePOy battery (12200, SunStonePower). Such array daily output reached 15 kWh. A 5
kW solar hybrid inverter (Progress-12-5000-Hybrid, A-electronica) was used to power the
heat pump connected via remote controlled solid state relay (80 A) and a soft-start module
(SSR-150 WA) to damp current at compressor start.

2.3. Heat Transfer Subsystem

Heat pump energy efficiency rate (EER) for cooling depends on temperature differ-
ence between cold and hot contours. The easiest option for us was to implement a heat
sink demanding 50 K difference between mean temperatures in cold and hot contours.
That could be reduced significantly (and so EER increased) if water or soil that does not
need thermal stabilization were used. Such heat sinks could normally be found around
on practice.

A 7.8 kW; ground-water heat pump (Access-7, EnergyLex) with a nominal (for the
temperature range we used) COP 4.3 (or EER = COP-1 = 3.3) was cooling the ground probes
(standard LDPE pipe 25 mm) filled with 50% water solution of ethylene glycol to -9 °C
return (18 L/min) at start-stop regime. There were 4 loops of ground probes (each 20 m
long, with nominal spacing of 20 cm): 1 per side and 2 on top. The heat was derived to
the 60 m? floor heating system within a house adjacent, with return temperature of +35 °C
(7 L/min). The heated house was chilled to +22 °C by 8 kW; air conditioner. The heat
pump had been working during the whole warm season: early April to late October.

2.4. Data Acquisition Subsystem

Data acquisition has been performed using Arduino Due and Uno boards. We have
been monitoring soil temperatures in 3 lines at 0, 6.7, 13.5, 27, 54, and 98 cm below sand
surface in the prism and in one reference line outside the setup (sensors at standard 20,
40, 80 cm depths were also added there), between and along ground probes, at the inlets
and outlets of the heat pump (separate for each ground loop), air between solar panels
and sand prism, and ambient air. Prior to installation, all waterproof DS18B20 temperature
sensors were calibrated in an ice bath. We have also been measuring heat fluxes at soil and
ground probes’ surface, water flow in heat pump contours, sand moisture, solar radiation
at prism sides and top, and electric power consumed by the heat pump.

2.5. Ambient Conditions

We have performed the experiment outside the permafrost regions (N 55.1°; E 36.6°).
However, this means even harder conditions for the thermal stabilization system since there is
warmer air and no permafrost underlying. These all provided higher thermal loads and lower
energy output from solar panels. The reference climatic data are provided in Table 1.

We also used sand as a substrate, being the second hardest (after gravel and rocks)
to keep frozen (has thick active layer); while the peat upper soil layer widely abundant
in permafrost regions forms the thinnest active layer and, being almost black, is the most
sensitive to direct solar radiation (if surface vegetation is damaged or removed). So, the
sand environment also ensured harder conditions for our tests than expected naturally in
most cases.

2.6. Numerical Modeling

We have calculated our experimental setup thermal state according to its actual lay-
out using the same approaches as in [8] to evaluate the numerical and experimental
results match. The modeling was performed using Frost-3D Multi-Core GPU software
(https:/ /frost3d.ru/eng/, accessed on 10 March 2022) which has been specially developed
for permafrost soil calculations; its validity of results has been verified by analytical solu-
tions [15] and practical applications, compared to the most popular FEM packages [16],
and conformity to relevant national and corporate construction regulations certified.
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Table 1. Reference climatic data for the experimental site [12-14].
Solar Radiation. Mean Air Mean Wind Snow Soil Temperature at Depths, °C
Month kWh/(m? day)
Y, Temp., °C Speed, m/s Layer, cm
(Averaged W/m?) P peed, yer, 20cm 40cm  80cm  160cm 320 cm
1 0.679 (28.3) —8.4 3.30 28.03 0.54 1.12 2.16 2.94 4.30
2 1.421 (59.2) —-2.0 3.30 38.04 —0.81 0.01 1.22 2.00 3.26
3 2.69 (112.0) 0.0 3.30 44.42 —0.18 —0.01 0.99 1.60 2.68
4 3.871 (161.3) 7.4 3.20 0.00 3.68 3.00 2.50 2.24 2.64
5 5.22 (217.5) 16.2 3.10 0.00 15.28 13.88 11.21 9.47 7.41
6 5.441 (226.7) 19.5 2.90 0.00 18.24 17.30 14.93 13.26 11.00
7 5.28 (220.0) 16.9 2.80 0.00 20.75 19.71 17.54 16.06 13.84
8 4.31 (179.6) 16.3 3.00 0.00 19.54 19.05 17.74 16.78 15.10
9 2.731 (113.8) 12.1 3.30 0.00 14.00 14.19 14.25 14.20 13.83
10 1.57 (65.4) 8.6 3.30 0.00 8.93 9.65 10.80 11.39 11.87
11 0.799 (33.3) 0.7 3.10 0.57 3.61 4.46 6.10 7.10 8.61
12 0.521 (21.70) 0.2 3.20 20.20 0.09 1.37 3.05 4.06 5.94
3. Results

First, we have performed a numerical modeling for our experimental setup layout
and ambient conditions to see if it is capable of maintaining soil frozen. The results have
shown sand would be thawed slightly below ground probes’ level but frozen core would
still exist in the embankment. This modeling allowed us to confirm chosen electric and
cooling capacities which were sufficient.

3.1. Thermal Measurements

An example of experimental data is presented in Figure 2. Temperature rise in the
beginning of this dataset corresponds to the circulation pump failure. One can see counter
phase oscillations in surface and in depth temperatures caused by cooling output increase
at high solar radiation when the heat pump was able to work at maximum performance.
There is also about a half-day time lag for this depth, since weaker night heat waves reach
the ground probes’ level once those are cooled to the maximum extent, and in reverse at
night. The ability of comparatively fast (about 3 days) recovery to steady state indicates a
fair cooling capacity reserve of the system.
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Figure 2. Recorded temperatures of the air under solar panels (30 cm) and at 26 cm depth in August 2021.
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Peak heat flux through the wall of the ground probe pipe reached 190 W/m?. Its
time-averaged value depended on weather (heat pump duty cycle needed to keep the heat
carrier in the ground loop cool enough) and power available from the solar panels and
battery; it reached 110 W/m? in the hottest weather. Assuming the temperature difference
through the wall to be about 5 K, the peak and maximum average heat exchange rates
could be evaluated as 38 and 22 W/(m? K), correspondingly.

Temperature rise in the lower part of the experimental setup (Figure 3) is caused by
non-ideal heat insulation of the bottom from the warm ground and heat sink from the
edges. Since the heat shielding layer has always stayed frozen, it would not let heat in if
there was permafrost below.
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Figure 3. Soil temperature profile at experimental and reference plots (1—Experimental and 2—Reference
sites; dashed line at —100 cm depth shows the upper edge of the heat insulation layer).

Figure 4 shows that the heat flux at the ground surface of the experimental plot (solar
radiation shielded) strongly correlates with the air temperature; while at the reference
plot, it has higher amplitude obviously caused by solar radiation, even though the heat
flux sensor is hidden under grass and is not irradiated directly. This figure shows how
important it is to take solar radiation (note, it is divided by 10) into account in numerical
calculations in the autumn and spring, particularly, when convective heat flux is reduced
due to small difference between air and soil surface temperatures. Reference soil surface at
night is warmer than air, so the heat flux is reversed; while at the experimental site, it is
reversed only at negative air temperatures at night.

The performance of the heat pumps is usually characterized by COP. We have eval-
uated this parameter measuring heat flow diverted to the sink (house floor) divided by
electricity consumption (Figure 5). Since the heat pump was working in start-stop regime,
the data were time-averaged to get COP values. We suggest fluctuations of the actual
COP are, to a large extent, caused by measurement uncertainties using non-specialized
sensors and averaging issues. Monthly data from electric and heat power meters have
shown COP variation was rather marginal from 4.27 in August to 4.48 in May. That was
due to the stable heat source (ground) temperature that stayed within —2.5 4= 0.5 °C mainly,
and heat sink temperature that was sustained by AC unit setup at +22 °C (higher than
mean air temperature of the hottest month in permafrost areas [12]; in fact, ultimate indoor
temperature reached +26 °C).
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Figure 4. Heat fluxes to the ground and their dependence on meteo data (1—Air temperature; heat
fluxes ®: 2—At the reference plot and 3—At the experimental site at soil surface, 4—Solar radiation
at horizontal surface (divided by 10)).
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Figure 5. The results of actual COP (green line) evaluation and actual electric power consumption
measurements (red line, peaks correspond to start current records).

3.2. Technical Issues

Failures of the system happened due to high start currents (resolved by soft-start
module); circulation pump burnt due to condensate filling the connection box completely
(resolved by thermal insulation of the pump outer surfaces); MPPT controller fire during
hot weather; compressor knocking due to solar inverter frequency modulation failure;
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DAQ failures after thunderstorms. Since the pipe’s volume is high, the system needs quite
large buffer tanks to damp pressure fluctuations of the ethylene glycol-rich heat carrier.

We observed no sand surface drying since water vapor condensation on it was rather
cool. Keeping soil wet at precipitation rejection is important since its thermophysical
properties are strongly dependent on water content. The house where the heat was diverted
to did not need other heating till late October.

3.3. System Cost

The main system components’ retail and bulk market prices are listed in Table 2. We
suggest that retail price is more or less equal to bulk price plus associated assembly and
mounting expenses. For remote areas, logistics might be a significant part of overall project
cost, so it is not considered here; just an idea of specific mass for the components is given
for basic evaluations. One can see solar panels give the main input in mass. We have not
been considering light flexible ones since those are not suitable to withstand harsh weather
conditions and would need some holding carcass anyway, so we considered those certified
for —40 °C. The inverter power matches solar panel power, and takes into account that its
nameplate capacity should be 2.5-fold of the heat pump compressor drive to avoid collapse
at start. Noteworthy, solar panels have been showing 25% and heat pumps have a 10%
price reduction in the long-term (negative CAGR).

Table 2. Estimated costs of various methods” implementation.

Retail Price, Bulk Price,

USD USD Mass, kg
Solar panels per kW 550 300 50
0.15 kW/m? per m? 82.5 45 7.5
Solar inverter + MPPT per kW 90 40 2
0.15 kW /m? per m? 13.5 6 0.3
Heat pump per kW * 468 130 5
0.1 kW/m? per m? 46.8 13 0.5
Ground probes + coolant perm 0.5 0.2 0.2
5m/m? per m? 25 1 1
Energy storage per kWh 400 150 4
0.12 kWh/m? per m? 48 18 0.48
Total per m? 193.3 83 9.78
Thermosyphon per m? 176 ** 110 16
Solar-powered chiller [9] per m? - 125 -
Thermal insulation [17] per m? - 6 *** 2 (10 ****)

* Per cooling capacity; for geothermal, and water-air heat pumps, heating capacity is usually specified; to estimate
cooling capacity, electric capacity should be subtracted from that. ** Bulk price and mounting cost. *** The
price of 50 mm thick extruded polystirol foam only; noteworthy, costs for thermosyphons were evaluated in
[17] to be just 2.4-fold higher; so this value is likely multi-fold underestimated. **** Dimensional weight used in
logistics—normalized by 200 kg/m? for low density goods.

Other technologies for comparison are shown at the bottom of the table. We compared
the solar-powered chiller as the most technically relevant technology and thermosyphons
as the most popular way of soil thermal stabilization in Russia. Thermal insulation is
mentioned as one of the cheapest methods for passive thermal stabilization. The reason
why the cheapest method is not the most popular could be because heat insulation reduces
not only heating, but cooling, too. So even though thawing in summer is reduced, there
still could be a positive trend in soil temperature over the years [8].
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4. Discussion
4.1. System Layout

Start-stop regime for a heat pump is unfavorable due to high loads on compressor,
electric system, and battery cycling. It is much better to use the inverter technology (frequency
conversion) for soft start and smooth output control to match the power of solar panels.
In inverter technology, AC is converted to DC, and then back to AC at variable frequency.
Additionally, the solar inverter makes DC to AC conversion before that. It is reasonable to
avoid such multiple conversions to reduce system cost and increase its reliability supplying
DC current from solar panels just before the last DC/AC conversion. Similar task exists
for solar-powered irrigation, so recently, solar pump inverters have become commercially
available. Those are fed from solar panels, have built-in MPPT-tracker and provide AC at the
output so that the frequency matches the actual power supply.

Moreover, using DC-driven compressors might be even more reasonable, particularly
with brushless (BLDC) drives widely used in electric transport currently. Such BLDC-driven
cooling units are used for the car fridges, but usually have small power and poor performance.
This approach is also used in solar-driven water pumps. Such drives coupled with magne-
tocaloric heat pumps [18] could significantly reduce balance-of-system cost by eliminating the
nameplate capacity reserve needed to start a traditional heat pump compressor.

For large-scale systems and remote areas, rotary refrigerators (turbo expanders) could
be considered since they have significantly lower specific mass and volume (ca. 4-fold
while being twice more expensive per W) that considerably affects logistics expenses to
remote regions. For the same reason, we suggest using solar vacuum tube collectors with
absorption heat pumps which might be undesirable even though potentially having higher
solar energy to chill conversion efficiency.

For ground probes assembly, two approaches are most suitable in general. The first
one is to lay those on the cleaned surface and put a ground layer on top. This method is
most suitable for the road embankments. It can be implemented regardless of substrate
state: actual thawed layer thickness, rocks, etc. The disadvantage is needed for at least
0.25 m®/m? of soil (depending on compression rate) to be laid; workforce for ground
probes deployment. The second is to use cable-laying machines that are capable to deploy
the probes in a highly productive mode. For that, the soil should be thawed at least 10
cm deeper than projected probes. It is not so meaningful in this case if the vegetation is
damaged since the soil will be shielded by solar panels.

4.2. Method Applicability

A degree-days concept is often used for basic thermal balance evaluations that reflects
temperature gradients correlating with the convective flux. In Table 3 and Figure 6, we
present data for comparison of conditions in these terms at our test site and those used
for calculations in [8]. Here, we are considering positive degree-days only, while negative
are significant, too. For colder winters in permafrost areas, these negative degree-days
should lead to better soil cooling, particularly, since almost no snow is accumulated under
solar panels, therefore, putting our test site in even less favorable conditions for thermal
stabilization. We derived a climatic performance indicator to evaluate solar-powered
cooling capability of thermal stabilization as a ratio of solar radiation to degree-days during
the warm season. The higher the value, the easier are the conditions for our method.
Figure 6 shows that the method is potentially available throughout the Russian territory.

To better evaluate the applicability of the method to the local conditions, the system
layout should be considered, too. First, the product of solar energy conversion efficiency
and heat pump EER gives the overall solar to chill conversion efficiency, which can vary
significantly; that gives, after multiplication by the climatic performance indicator, the
specific system performance indicator. Second, this parameter could also be improved by
solar converters with an area larger than the protected one (thermally stabilized). However,
we also suggest considering such a power increase using wind, particularly for coastal
areas. It is also known that wind power output has a negative correlation with solar, being
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complementary sources [19], which makes energy flow to power the heat pump more
stable. Such additional power increases the numerator, therefore, leading to the overall
performance indicator rise. Another way to increase the resulting performance is to place
converters vertically, since the incident solar radiation flux will be higher in high altitude
regions, or at optimal angles on the wall, where applicable.

Table 3. Comparison of ambient conditions (warm season—positive degree-days at no snow).

Positive Degree-Days per Month

Solar Radiation at Horizontal Surface

Month kWh/(m? mon)
Our Site Norilsk Yakutsk Chita Our Site Norilsk Yakutsk Chita

1 —260 —812 —1132 —843 21.05 0.31 8.06. 33.48
2 —56 —678 —983 —501 39.79 8.68 22.68 59.92
3 0 —595 —477 —205 83.39 42.16 86.18 112.8
4 222 —432 —63 144 116.1 97.2 134.1 145.8
5 502 —164 295 304 161.8 146.9 163.4 180.1
6 585 123 483 558 163.2 155.1 175.8 184.2
7 524 394 698 593 163.7 152.8 166.5 165.2
8 505 310 539 568 133.6 102.6 132.1 138.6
9 363 51 114 219 81.9 53.4 72.3 105.9
10 267 —329 —158 56 48.67 19.53 37.82 73.16
11 21 —627 —795 —441 23.97 1.8 12.6 39.3
12 6 —772 —1119 —725 16.15 0 4.34 25.73

Warm

2968 878 2128 2440
season 0.2931 05291 0.3341 0.4071
(year) total (2678) (—3531) (—2599) (—275)

1 Sum of averaged solar radiation during warm season divided by sum of degree-days during warm season; the
higher the value, the easier are conditions for solar-powered thermal stabilization.

The next step is to pilot the project in a relevant environment with industrial heavy-
duty equipment, casing, and scale. System control algorithms should also be developed
to be synchronized with the weather forecast at different time scales; cooling capacity
redistribution according to actual thermal loads. Noteworthy, cooler conditions in the
Arctic ensure higher EER for the heat pump (less temperature difference between heat
source and sink) and higher efficiency for solar panels than in this experiment. We suggest
the technology could also be used to prevent the development of thermokarst, gas emis-
sion craters, and landslides, in certain cases; greenhouse gases, chemical, and biological
pollution from the upper thawing layers, at least in the area of human activities; permafrost
restoration after wildfires, and protection against coastal erosion [21]. The most important
market feature of the proposed technology is that it can generate revenue through the sale of
thermal energy removed from the ground (that could be used, for example, in greenhouses
improving conditions for horticulture in remote Arctic settlements), and, to a lesser extent,
excess electricity (more important is not the amount of energy supplied, but its availability
throughout the protected object, for example, for control and monitoring systems).
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Figure 6. The climatic performance indicator map showing the method applicability (values above
0.3 at equal power converters and protected area) according to climatic data (not normalized by
system layout). Calculated using GIS data from [20].

5. Conclusions

We have experimentally proven the concept suggesting that solar radiation to chill
conversion is capable of maintaining soil frozen, even at warmer and less sunny conditions
outside the permafrost areas. The cheapest off-the-shelf equipment was used for this. Even
though it could be specially optimized for the method implementation, for the moment, it
is important that the system could be easily scaled up to virtually any size.

Technical results when using the proposed technology significantly exceed analogues
at a comparable cost and specific mass; it could help reduce the insurance fees for environ-
mental risks significantly. The main feature of this technology is blocking heat penetration
in depth, therefore, preserving a thick frozen soil layer all year round. This approach is
more efficient for surface objects than widely-used thermosyphons designed for foundation
pillars base freezing in depth.

6. Patents

Authors are holding a patent RU 2 748 086 C1 (ePCT application RU2021/050325) for
the method being proven.
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