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Abstract. The climatic factor of warming, which is evidenced by a significant number of scientists and research teams
in Russia and the world, has a significant impact on the cryogenic state of permafrost soil, the preservation of which is
one of the most common principles of construction in the North. The influence of projected climatic changes in planning
up to 2050 on the efficiency of seasonal cooling devices, the principle of operation of which is based on seasonal soil
freezing, is considered. The conducted modeling has shown that in a situation of stable climate, the preservation of the
cryogenic state of permafrost soil is realized without the use of additional measures. With warming with a trend of
0.1 °C per year, seasonal cooling devices do not ensure the preservation of the current level of the cryogenic state of
the soil and additional measures are required to increase their efficiency in the summer. In the case of more extreme
warming with a rate of 0.25 °C per year, the modeling results show that seasonal cooling devices do not significantly
affect the rate of soil thawing and the solution to the problem should be its complete replacement with systems with
year-round action.
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Introduction. Promising areas for the development of the oil and gas industry in the Russian
Federation tend to shift to the north and east. The development of the Yamal Gas production Center,
the fields of the Gydan Peninsula, Yakutia and the Far East poses to oil and gas companies the most
important task of high-quality and reliable operation of oil and gas sector facilities in conditions of
continuous permafrost soil (PS).

The integrated development of deposits in the Arctic region of Russia involves the search for
new methods of field exploration that would reduce the anthropogenic impact on PS by reducing the
proportion of field stages of work [1, 2], new methods of field development with a reduction in ther-
mal effects on frozen soil during drilling [3] or during construction and installation work [4], as well
as new methods and technologies to ensure the reliability of the operation of fishing facilities in order
to reduce the impact of emissions and leaks of extracted and transported products [5]. During the
construction of natural gas production and transportation facilities in areas of continuous distribution
of PS, their use is carried out according to the first principle — the preservation of permafrost during
both construction [6, 7] and operation [8, 9]. Violation of the operating conditions of the soil in a
cryogenic state can lead to catastrophic consequences of a natural and man-made nature [10, 11],
which cause significant damage to the fragile ecosystem of the northern regions. The analysis of
scientific works on Arctic exploration methods shows that at each stage of the life cycle of an indus-
trial facility, the task of reducing the thermal impact on frozen soil is solved both through the use of
new structures of grounds and foundations [4, 7] and optimization of technological processes [1, 3].
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A typical technical solution for the implementation of this principle is the use of various de-
signs of seasonal cooling devices (SCD). A review of such systems was carried out in [12], and in
the article [13] it is shown how soil thermal stabilization systems during construction in the cryo-
lithozone allow maintaining the required negative base temperature or restoring degraded perma-
frost. The efficiency of SCD operation directly depends on the climatic conditions of the environ-
ment, and stationary climate models based on statistical data of the climate of the construction site
are usually used in their design [14].

According to estimates by a significant number of scientists [15, 16] and international climate
organizations [17], active climate warming processes are underway in Russia, especially pronounced
in the northern latitudes [18, 19] of the Russian North. It is shown [16] that over the past 20 years,
the Yamal territory has undergone an abnormal decrease in average annual temperatures, as well as
the number of days per year with low temperatures. Reports [17] of the well-known climate group
Intergovernmental Panel on Climate Change record annual warming in the range from 0.03 to 0.1 °C,
and data from Roshydromet [18] for the North of Russia demonstrate warming dynamics above
0.1 °C. Such climatic changes can cause significant damage to the cryogenic state of the soil and lead
to its thawing, which will lead to a significant decrease in the bearing capacity of pile grounds and
foundations [20, 21].

In the works [22, 23] devoted to the state of SCD, the issues of damage and destruction of these
structures during construction and operation or issues of SCD efficiency depending on various an-
thropogenic and technogenic factors are considered [24]. The problems of the stability of engineering
structures under climate warming have been studied [25, 26], some issues of modeling the operation
of SCD [27, 28] or assessing the stability of piles under thermal influence [29], but the problem of
reducing the efficiency of existing SCDs due to global climate warming is not considered.

The purpose of this study was to evaluate the behavior of SCD in various climate models based
on the current understanding of climate change in Russia and the world. The object of the study was
the frozen ground — climate — SCD system, and the subject of the study was the stability of this system
to climate change.

Methods. The simulation of the joint work of frozen soil and SCD in various climatic condi-
tions using the Borey 3D software package has been performed. The Borey 3D complex
is registered with Rospatent, N 2018660189 dated 08/17/2018. Certified and meets the require-
ments SP 25.13330.2012 (SNiP 2.02.04-88), RSN 67-87, STO Gazprom 2-2.1-435-2010, STO Gaz-
prom 2-2.1-390-2009, GOST R ISO/m EXTRAVK 12119-2000, GOST R I1SO 9127-94, GOST R
I1ISO 9126-93, GOST R ISO 28806-90. Implements a mathematical apparatus for numerical simu-
lation of the propagation of temperature fields in a soil mass, taking into account the phase transition
of unfrozen water in the spectrum of negative temperatures. The software package has found prac-
tical application and was used by specialists in the framework of calculations of the use of SCD on
PS [30, 31].

The main objective of the study is to assess the stability of PS to warming processes, to assess
the rate of permafrost degradation in the presence of SCD, absence of SCD, as well as the applica-
tion of methods to increase the effectiveness of SCD for the period from 2011 to 2051 in relation
to the PS site, the parameters of which correspond to the typical geocryological picture of the Yamal
Peninsula. The study included options for a stable climate, annual warming of 0.1 and 0.25 °C. At
the same time, the possibility of changing the geocryological picture of PS sites in their natural state
(without the use of SCD), with the use of SCD and the option of ensuring the operation of SCD in
the summer was considered. The calculation model of the PS site is adopted in the form of a cube
measuring 50x50x50 m, with specified soil conditions. As soils, the model uses plastically frozen
loams typical of the Yamal Peninsula with the following parameters: density 1750-1840 kg/m?; total
humidity 0.124-0.181 units; plasticity number 0.114; degree of salinity 0.065-0.081 %; freezing point
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—0.48 °C; without peat inclusions. A SCD with a depth of 10.5 m is installed in the center of the soil
mass. A thermal well 1 is modeled in 0.5 m along the Y-axis, a thermal well 2 in 1 m, and a thermal
well 3 in 2 m. The model cube displays the area that will be sampled to perform the calculation.
A boundary condition of the third kind is assumed on the upper face of the model cube. The values
for the calculation are presented in terms of wind speed, thickness and density of snow cover. The
boundary conditions of zero heat flow are assumed on the side and bottom faces of the model cube.
To solve the differential equation of heat propagation in the soil with phase transitions in the negative
temperature spectrum, a method with a dynamuic division of the region into subdomains with an
explicit and implicit computational scheme is used. A simple iteration method is used as an implicit
computational scheme. To improve the convergence of the implicit method, the regularization method
and dynamic time step selection are used. The website of the Borey 3D software package shows the
results of positive verification of the applied computational models for problems with analytical so-
lutions. Modeling of SCD operation is performed by setting boundary conditions of the second kind
in the form of internal heat sources/sinks.

The prediction of the processes of PS state dynamics was carried out based on extrapolation of
data from the Marresal climate station [32, 33]. Climatic indicators for a stable climate were obtained
by processing statistical data (the average temperature of a five-day period and the average thickness
of snow cover) for 2011-2021, which were repeated until 2051. The prediction of the parameters
of the dynamics of climate data changes for the case of warming by 0.1 and 0.25 °C was carried
out by increasing the temperature of a stable climate annually by the corresponding value. The
0.1 °C warming interval was adopted on the basis of the authors' approximation of real climate data
from 1990-2020 [16], as well as estimates of the warming rate in the northern regions of Russia
according to Roshydromet data for 1976-2016 [34], the 0.25 °C interval is based on the worst-case
scenario of climate change in the northern territories of Russia by 10-12 °C at the end of 21 century
according to the report [18]. The modeling period was adopted based on the calculation methodology
of the Intergovernmental Panel on Climate Change (IPCC) [17].

Based on the wind speed range of 5-7 m/s typical for the Yamal Peninsula, the average wind
speed of 6 m/s is assumed in the calculations. Data on the operating mode and characteristics of SCD
TK32/12.M5-03 (FSA) coolant R-744 (carbon dioxide) presented in PC Borey 3D were used for
modeling. A separate climate data model for the SCD capacitor has been developed for the option of
switching the SCD operating mode in the summer. In this model, in the period from May 15 to Oc-
tober 15, the SCD capacitor is in a temperature field of —5 °C, and during the rest of the year, the
climatic data of the SCD capacitor correspond to the climatic parameters of the temperature regime
of the climate variant that is being modeled. Additionally, based on the analysis of climate dynamics
with a warming trend of 0.25 °C, due to a significant increase in the summer period (the temperature
is consistently above 0 °C) it was decided to consider the following mode of operation: from
01.01.2024, the mode is set from 01.05 to 31.10, and starting from 01.01.2025 — from 01.04 to 31.10.

Results. Under the condition of a stable climate, the simulation showed the preservation of the
cryogenic state of the soil regardless of the use of SCD. Figure 1 shows the obtained data on the
cryogenic state of the soil for 2050 in the absence of SCD (Fig.1, a), the presence of SCD for well 1
(Fig.1, b), the presence of SCD and the option of transferring it to work in the warm season for well 1
(Fig.1, c). Figure 2 shows the average annual data on the cryogenic state of the soil in a stable
climate. In the absence of SCD, the depth of seasonal soil thawing by 2050 will be 1.6 m, which
corresponds to the average level of thawing depth of the Yamal Peninsula today. In the presence of
SCD, the depth of soil thawing will also be 1.6 m. When used in the variant of transferring SCD to
work in the warm season, the depth of seasonal warming will decrease to 1.4 m. In the absence of
SCD, the depth of the soil, below which the temperature does not exceed —1 °C, will be 3.5 m, in
the presence of SCD — 2.5 m, and when used in the translation version SCD for work in the
warmer months is 2.25 m. Analysis of these temperature fields showed that the presence of SCD
lowers the temperature of frozen soil by 1 °C at a distance of 0.5 m from SCD, 0.8 °C at a distance
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Fig.1. The state of frozen soil for a stable climate model for 2050
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Fig.2. Forecast of the average annual soil temperature for 2050 with a stable climate:
a —thermal well 1; b — thermal well 2; ¢ — thermal well 3

1 — without SCD; 2 — in the presence of SCD; 3 — in the presence of SCD and its transfer to work in the warm season
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Fig.3. The state of frozen soil for the 0.1 °C warming model for 2050
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Fig.4. Forecast of the average annual ground temperature for 2050 with a warming of 0.1 °C:
a — thermal well 1; b — thermal well 2; ¢ — thermal well 3
See the legend in Fig.2
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of 1 m and 0.5 °C at a distance of 2 m. The use of SCD in the option of switching to work in the warm
season will lower the average annual temperature of frozen soil in the depth range from 0.8 to 8 m by
0.5 °C at a distance of 0.5 m from SCD, 0.1 °C at a distance of 1 m from SCD and 0.07 °C at a distance
of 2 m from SCD. For a stable climate, these changes are not critical, since the cryogenic state of the
soil, sufficient for the effective functioning of the base, is preserved when using only SCD. However,
even in this case, when used in the variant of transferring SCD to work in the warm season, the effi-
ciency of its application increases by 15-20 %, depending on the distance from the SCD axis.

Figure 3 shows data on the cryogenic state of the soil for 2050 in the absence of SCD (Fig.3, a),
the presence of SCD for well 1 (Fig.3, b), and the transfer of SCD to work in the warm season
(Fig.3, c). Figure 4 shows the average annual data on the cryogenic state of the soil with a warming
climate of 0.1 °C. In the absence of SCD, the depth of seasonal soil warming by 2050 it will be 5 m,
which is significantly higher than the average depth of warming of the Yamal Peninsula at the mo-
ment (1.5-2.0 m). In the presence of SCD, the depth of soil thawing will be 4 m, when used in the
variant of transferring SCD to work in the warm season, the depth of soil thawing will decrease to
3 m. In the absence of SCD, the depth of the soil, below which the temperature does not exceed
—1 °C, will be 7 m by 2050, and in the presence of SCD — 5.5 m. When used in the variant of trans-
ferring SCD to work in the warm season, the permafrost layer with a temperature below —1 °C begins
from a depth of 4 m, which practically corresponds to the natural state of the permafrost (3.5 m).

Analysis of these temperature fields showed that the presence of SCD lowers the temperature of
frozen soil by 1.5 °C at a distance of 0.5 m from SCD, 1 °C at a distance of 1 m and 0.6 °C at a
distance of 2 m. Using SCD in the option of switching to work in the warm season will lower the
average annual temperature of frozen soil in the depth range from 0.8 to 8 m by 1.4 °C at a distance
of 0.5 m from SCD, 1 °C at a distance of 1 m from SCD and 0.5 °C at a distance of 2 m from SCD.
In such a climate model, the use of SCD in the variant of transferring to work in the warm season
significantly affects the state of permafrost, increasing the efficiency of SCD application by 34-40 %.
To estimate the rate of soil thawing, calculations and analysis of average annual temperatures for
2020-2050 were carried out. The average annual ground depth temperature in the model without SCD
decreases by 1 °C from every 10 years and by 2050 it will be less than —1 °C, maintained from a depth
of about 7 m. The presence of SCD reduced the rate of thawing by about 1 °C, and when transferring
SCD to work in the warm season, it additionally lowered the temperature by 0.5 °C.

Figure 5 shows the temperature fields of the cryogenic state of the model soil with a warming of
0.1 °C. In the conditions of annual warming of 0.25 °C, modeling shows the degradation of the cry-
ogenic state of the soil to a significant depth and large-scale thawing both in the absence of SCD and
in its presence. The option of transferring SCD to work in the warm season does not have a significant
positive effect for stabilizing the cryogenic state of the soil.

Data on the cryogenic state of the soil for 2050 are presented in the absence of SCD (Fig.6, a), the
presence of SCD for well 1 (Fig.6, b) and the use of SCD in the option of transferring to work in the warm
season (Fig.6, ¢). Figure 7 shows the average annual data on the cryogenic state of the soil with a climate
warming of 0.25 °C. In the absence of SCD, the depth of seasonal soil thawing by 2050 will be 9 m,
which is significantly higher than the average depth of thawing in the Yamal Peninsula now (1.5-2.0 m).
In the presence of SCD, the depth of soil thawing will be 8 m. In the case of transferring SCD to work
in the warm season, the depth of soil thawing will decrease to 6 m. In the absence of SCD, the depth
of the soil, below which the temperature does not exceed —1 °C, by 2050 it will be 11 m, and in the
presence of SCD — 10 m. The option of transferring SCD to work in the warm season did not affect this
characteristic of the cryogenic state of the soil.

Data analysis of temperature fields shows that the presence of SCD will reduce the soil tem-
perature by 0.5 °C at a distance of 0.5 m from SCD, 0.25 °C at a distance of 1 m, and 0.15 °C at
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a distance of 2 m. The option of switching SCD to work in the warm season will lower the soil
temperature in the depth range from 0.8 to 8 m by 0.69 °C at a distance of 0.5 m from SCD, 0.44 °C
at a distance of 1 m from SCD, and 0.23 °C at a distance of 2 m from SCD. At a warming rate of
0.25 °C, the presence of SCD did not actually have a significant effect on the cryogenic state of the
soil. In this model, the option of transferring SCD to work in the warmer months has almost doubled
the efficiency of using SCD. Nevertheless, this is not enough to prevent large-scale thawing of the
soil and preserve the permafrost condition of the soils.

To estimate the rate of soil thawing, calculations and estimates of average annual temperatures
for 2020-2050 were carried out. The presence of SCD reduced the intensity of soil thawing by an
average of 0.5-1 °C, which makes it possible in practice to operate the soil mass in a frozen state for
longer. The rate of warming of 0.25 °C per year for 10 years by 2030 will lead to the fact that in the
presence of SCD, the depth of seasonal thawing will increase from 1.4 to 2 m, and the soil mass with
a constant temperature below —1 °C will start from a depth of 3.5 m instead of 2.75.

Conclusion. The computational models proposed in the work made it possible to assess the sta-
bility of PS to warming processes and to estimate the rate of permafrost degradation for three climate
variants: in the presence of SCD, in the absence of SCD, as well as the use of methods to increase the
effectiveness of SCD. The modeling results showed that the efficiency of SCD decreases at any values
of climate warming. The model with a warming trend of 0.1 °C per year demonstrates a large-scale
thawing of PS over 30 years of operation, which will have an extremely negative impact on the bear-
ing capacity of any pile foundations. The presence of SCD slows down the thawing trend, allows to
almost halving the scale of soil warming, lower the temperature of the PS mass by 1-1.5 °C, but does
not stop this process. If it is possible to transfer the device to work in the summer, it will be possible
to maintain the level of permafrost without significant degradation.

A model with a warming trend of 0.25 °C per year (to assess the worst-case scenario) demon-
strates catastrophic thawing of PS by 2050, SCD slightly slows down such thawing, allowing to lower
the temperature of the PS mass by 0.3-0.8 °C, but does not stop this process. By 2050, in such
a catastrophic model, despite the use of SCD, the depth of seasonal soil thawing will increase to 8 m
at a normal depth of 1.5 m. The possibility of switching the device to work in the summer period will
increase the efficiency of SCD, but not stop the process of soil thawing.

Forced year-round cooling systems built on various industrial refrigerating machines will be an
effective solution to save energy in a scenario with a warming of 0.25 °C per year. However, using
them to modernize the existing SCD infrastructure is practically impossible due to the significant
number of individually installed SCDs and the large area of their installation.

The paper models the SCD operating mode, taking into account the option of transferring to
work in the warm season. The modeling results showed that such a solution could increase the effi-
ciency of SCD by 35-40 % and prevent soil thawing with the most likely forecast of warming by
0.1 °C per year.
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