10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
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Abstract

Although permafrost thermal stabilization systems have been used for a long time already, they
have always had shortcomings and limitations of performance which has become even more
pronounced in the warming climate. Those could be overcome to some extent, but at high cost
mainly defined by need in energy supply. We have suggested a novel concept combining
improved energy efficiency and solar power to ensure significant reduction of the thawing layer
(to 20 cm order). We have performed calculations for the broad range of permafrost conditions
to compare traditional methods for thermal stabilization and their combination to the suggested
concept. The latter only has ensured minimum thawing layer over summer even at the southern
edge of permafrost extent. The importance of minimum thawing layer is discussed in terms of
chemical and biological safety in the area of human activities. The layout for glaciers protection
has also been considered. Estimated cost of the concept implementation (ca. 180 $/m?) is just

slightly higher than for widely used thermosyphons while providing much better performance.

Keywords: solar energy; heat pumps; thermal state control; thawing; climate change.

1. Introduction
Permafrost is considered to be a part of the upper crustal layer, characterized by a subzero
temperature of rocks and / or soil for two or more years and the absence of seasonal thawing.

Permafrost underlies 24% of land surface in Northern Hemisphere (about 22.8 million km?),
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including more than 11 million km? in Russia, giving ca. 65% of the country's territory [1]. The
general trend for global temperature increase leads to permafrost thawing.

Global warming is currently most pronounced in the Arctic, leading to up to
0.075°Clyear air and 0.1°C/year soil temperature increase [2-4]. In the near future, soil surface
temperature within the permafrost areas is going to increase by up to 2.3°C, leading to thawed
layer depth increase by 33% and permafrost region edge shift by 50-600 km north [5].
Permafrost thawing is normally accelerated under constructions leading to deformations [6], and
now it starts to cause disasters, e.g., recent 20 000 t diesel fuel spill in Norilsk, Russia [7]. This
problem becomes very urgent in Russia, and cost-effective measures to prevent the destruction
of structures located in permafrost areas need to be developed. Thawing also happens to glaciers,
so extraordinary measures are implemented to stop this process at some sites [8], in part, to
prevent disasters that could be easily induced at metastable balance interruption, e.g., by an
earthquake.

Construction on permafrost soil has always been full of challenges [9]. Most were
resolved at reasonable cost, to large extent, using thermosyphons for enhanced soil freezing
during winter time so it is not considerably thawed during summer [10]. Now, the cost of
sufficient solutions increases drastically, as well as need for constant monitoring of constructions
state. This problem becomes particularly pronounced for linear infrastructural objects such as
motorways [11], railroads [12], pipe [10] and power [13] lines connecting sparse settlements
across the wilderness. To prevent disasters, chilling units accompanied by power plants, fuel
tanks, and staff have to be brought in the most critical cases.

Basically, permafrost thawing happens as winters become milder and shorter while
summers become hotter and longer. Particularly for this reason, widely used thermosyphons are
currently operated out of designed conditions, so are not capable of keeping soil frozen. Heat is
supplied to soil via convection at natural air motion, solar radiation absorption, and also comes

with liquid precipitation. There are solutions to minimize this heat flow: solar reflectors and
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shields [14], heat insulation [12] and waterproof layers [11]. Even such an exotic way as grazing
livestock is considered to suppress snow accumulation, and so getting better soil freezing in
winter [15]. But obviously neither of these passive methods is capable of complete ambient heat
rejection. Active cooling methods are well developed in general, but demand power supply, so
are very expensive. However, sufficient energy could be obtained at right-of-way land of linear
infrastructure objects using solar power plants [16]. Recently, suggestions to use solar powered
devices for thermal stabilization of permafrost railroads embankments have appeared [17, 18].
Preliminary results showing potential capability of keeping soil frozen using local
resources have been published earlier [17]. In this article, we are presenting more detailed
calculations results at different climatic conditions and discuss possible technical layouts for a

sustainable thermal stabilization system.

2. Theory

The main idea of our concept is to make solar radiation cool rather than heat the soil, for this:

1) soil has to be shielded from solar radiation and precipitation to the maximum extent,
since the snow does not reach the ground either, it is better frozen in winter, and
convection in summer is also partially suppressed;

2) better than just shielded, solar energy should be converted to electricity using
photovoltaics (PV), thermovoltaics or their combination as well as collected in thermal
form using vacuum pipes or plate collectors to drive the chiller;

3) regardless of which cooling principle is used (vapor compression [18], magnetocaloric
[19], sorption [20]), the devices use either electricity or both electricity and heat obtained
at previous step;

4) cooled near-surface layer should be organized to make a barrier for ambient heat
penetration in depth rather than cooling huge volumes of soil as with thermosyphons, for

that, probes are placed parallel to the ground surface within the natural thawing layer.
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The general layout for this concept implementation is presented in Figure 1. All needed
technologies are well developed and just need to be combined in the most efficient way. Thermal
inertia of the soil makes the inconvenience associated with the intermittent power supply from

renewable energy sources negligible.

_/_

Figure 1. General schematic of a concept (right) compared to natural conditions (left): 1 —solar
radiation; 2 — solar energy converter; 3 — convective heat flux; 4 — conductive heat flux; 5 —
ground probes; 6 — heat sink from ground probes; 7 — chiller; 8 — converted solar energy; 9 —

resulting heat sink; 10 — snow cover height; 11 — thawing layer.

3. Calculations

Using QGIS v.2.18 open software, we have developed a geographic information system
(GIS) containing layers (Figure 2) with data for: solar irradiation (global (GHI) and direct (DHI)
on horizontal surface, monthly, annual) [21], air temperature (monthly) [21-23], wind speed

(monthly) [21], soil temperature (different depths, monthly) [23], permafrost extension (by
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types) [24], railroads (by electrification type). Using these data, we have picked three test sites
with rather different conditions: Norilsk (N 69.33°, E 88.21°), Yakutsk (N 62.03°, E 129.74°),
and Chita (N 52.03°, E 113.5°). The former two are close to the terminal stations, and new
railroads are going to be built there soon across continuous and slightly discontinuous
permafrost. The latter is at the intensely used Trans-Siberian railroad, where traffic limitations
occur due to the discontinuous and sporadic permafrost thawing. Since Melnikov Permafrost
Institute of the Russian Academy of Sciences is located in Yakutsk, the most detailed data exist
for this site; so it was used for most tests and preliminary evaluations.

For thermal calculations, we have used Frost-3D Multi-Core GPU software
(https://frost3d.ru/eng/) which has been specially developed for permafrost soil calculations, its
results validity has been verified by analytical solutions [25] and practical applications,
compared to the most popular FEM packages [26], and conformity to relevant national and
corporate (Gazprom) construction regulations certified. We realize more accurate (and inevitably
more complicated) calculation methods might exist, but our aim at this stage was not to evaluate
temperature distributions precisely, but to see if our concept is viable and to what extent.

The calculation area and soil properties are presented in Figure 3 and Table 1. Time
increment of 1 month was taken. Under solar shields, solar radiation was taken as 0.05 of GHlI,
wind speed as 0.3 of nominal (at 10 m). September 2015 was taken as a start point for
calculations opposed to January, to have soil unfrozen. Temperature distribution graphs are
provided for the embankment axis.

Initially, we have calculated temperature distributions for 5 years at natural conditions to
see whether heat fluxes are balanced. In case misbalance was observed, we adjusted soil layers
composition since there are no precise data for this parameter for the exact soil temperature
reference site. Then we have considered cases with sun shields, heat insulation, thermosyphons,

sun shields + ground probes, sun shield + thermosyphons presence all applied to the North—
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South railroad embankment. Calculations were performed for 5 subsequent years to see when the
new equilibrium state is reached.

We have considered the case of vapor compression heat pump powered by PV as the
easiest to implement on site. Electric power capacity was evaluated using GHI and PV
conversion efficiency of 10% (intentionally taken lower than most commercial products state for
standard test conditions (STC)). Heat pump cooling capacity was evaluated by multiplication of
the electric power capacity by COP, dependent on ambient air temperature t. (°C) as COP =
4.8 — 0.12t.. For calculations, it affected heat exchange rate a inside the ground probes to match
the available cooling capacity. Mid summer drop in COP was compensated to some extent by
higher solar irradiation, and average a was 45.7 W/(m?K). These figures are reached for PV
power achieved from the same area where ground probes are placed (the embankment). In our
calculation area (Figure 3), solar panels are placed outside the embankment too, providing extra
shielding to the soil and energy for other needs. Although this energy could be used to power
heat pumps leading to cooling capacity increase. Temperature of the liquid inside the ground
probes changed from —10°C at the inlet to —4°C at the outlet. Once calculated soil temperature
went below it, the heat pump was considered as switched off, i.e., a was zeroed. Ground probes
were placed at 20 cm depth with 20 cm between the axes of 25 mm outer diameter, 2 mm thick

wall polyethylene pipes.
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Permafrost and railroads
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Figure 2. Considered sites and their position regarding to permafrost and railroads

X

5m

Figure 3. Calculation area and mesh characteristics: 1 — solar panels, 2 — ground probes, 3 — soil

surface (number of cells — 48951; number of cells on the X axis — 441; number of cells on the Y

axis — 1; number of cells on the Z axis — 111).
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Table 1. Soil layers composition
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Table 2. Climatic data for Norilsk

e Solar irradiation. Meanair | Mean | Snow | Soil temperature at depths, °C
= KWh/(m?*mon.), temp., wind layer, | 20 | 40 | 80 | 160 | 320
§ (averaged W/m?) °C speed, cm cm | cm|{cm | cm [ cm
m/s
1 0.31 (0.4167) —26.2 5.1 2133 |-41|-26|-17| -03 | -1.1
2 8.68 (12.9167) —24.2 4.8 21.00 |-76|-54|-40| -0.6 | -1.0
3 42.16 (56.67) -19.2 4.3 21.67 |-6.2|-48|-42| -14 | -0.9
4 97.2 (135) -14.4 4 2133 |-53|-46|-42|-21|-1.0
5 146.94 (197.5) -5.3 3.7 1267 |-03|-22|-23| -2 | -13
6 155.1 (215.4167) 4.1 3.6 000 | 01 |-06]|-09|-15|-15
7 152.83 (205.4167) 12.7 3.8 000 | 97|53 |-01|-10|-14
8 102.61 (137.9167) 10 3.8 000 | 64 | 48| 33| -04|-13
9 53.4 (74.167) 1.7 4 0.00 48 | 45 | 3.7 0 -1.3
10 19.53 (26.25) -10.6 4.4 633 | 1.7 | 19 | 18| 0.2 | -1.0
11 1.8 (2.5) -20.9 4.8 13.33 |-09]-02| 0 0 | -10
12 0 (0) -24.9 5 18.00 |-7.8|-4.7|-19| -0.3 | -1.0
Table 3. Climatic data for Yakutsk
. Solar irradiation. Mean air | Mean Snow | Soil temperature at depths, °C
2 kKWh/(m?*mon.), temp., wind layer, | 20 | 40 | 80 | 160 | 320
§ (averaged W/m?) °C speed, cm cm | cm | cm | cm | cm
m/s
1 8.06. (10.83) -36.5 1.5 26,1 | -74|-64|-37|-02]|-06
2 22.68. (33.75) -35.1 1.5 314 | 85|-74|-53|-09|-05
3 86.18. (115.83) -15.4 1.9 314 | 69 |-63|-49|-17|-05
4 134.1. (186.25) 2.1 2.7 153 | -43|-39|-33|-17|-05
5 163.37. (219.58) 9.5 3.5 0 40 | 1.7 | -15|-1.3|-05
6 175.8. (244.17) 16.1 3.1 0 128|105 | 46 |-09|-05
7 166.47. (223.75) 22.5 2.9 0 20.8 | 17.3 ] 10.7 | 0.6 | -0.5
8 132.06. (177.5) 17.4 2.8 0 1541146 | 123 | 5.2 | -05
9 72.3.(100.42) 3.8 2.6 0 6.0 | 6.3 | 6.4 | 48 | -05
10 37.82. (50.83) 5.1 2.6 5.6 03109 | 19|22 |-03
11 12.6. (17.5) —26.5 1.9 171 | -25|-16|-06| 0.3 |-05
12 4.34. (5.83) -36.1 1.5 234 | 48| -34|-12|-02]|-05
Table 4. Climatic data for Chita
- Solar irradiation. Mean | Mean | Show Soil temperature at depths, °C
2 | kWh/(m?*mon.), air wind | layer, | 20cm | 40cm | 80cm | 160 | 320
§ (averaged W/m?) | temp., | speed, cm cm cm
°C m/s
1 33.48 (45) —27.2 1.4 18.1 | -16.4 | -119 | 7.7 | 24 | 1.0
2 59.92 (89.167) -17.9 1.8 13.1 | -16.6 | -13.2 | 9.6 | -4.9 0
3 112.84 (151.67) —6.6 3 3.3 6.2 | 55 | 53 | 46 | 04
4 145.8 (202.5) 4.8 4.1 0 5.2 2.7 -08 | -1.8 | -0.7
5 180.11 (242.083) 9.8 4 0 12.0 8.6 5.0 06 | -0.2
6 184.2 (255.83) 18.6 3.1 0 209 | 159 | 10.6 4.5 0
7 165.23 (222.083) 19.1 2.6 0 196 | 17.7 | 14.0 8.4 3.1
8 138.57 (186.25) 18.3 2.3 0 177 | 171 | 154 | 11.2 | 6.0
9 105.9 (147.083) 7.3 2.8 0.6 9.1 11.2 | 11.8 | 108 | 7.4
10 73.16 (98.33) 1.8 3 0 6.6 6.9 7.3 7.9 7.0
11 39.3 (54.583) -14.7 2.7 05 |-101| -3.8 0.6 3.9 5.4
12 25.73 (34.583) -23.4 1.8 40 |-16.7 | -115| 65 | -03 | 3.0

9
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4. Results

4.1. Verification of calculations and traditional methods

Figure 4a shows the year-to-year stability of the soil temperature at natural conditions to
evaluate the stability of the calculation model. Figure 4b shows monthly distributions in 5 years
after calculation start. Those were in good agreement with the existing reference data (Table 3).
The next step was to evaluate solar panels shielding effect on the soil temperature distributions
(Figure 5). It can be seen that surface temperature becomes significantly lower due to no snow
cover under the shields. However, in-depth soil temperature is almost not affected. For this
reason, maximum surface temperature is also decreasing, but to lower extent, and thawing layer
is reduced by nearly 0.5 m. Solar blinds have been used at the Baikal-Amur railroad to the south
of Yakutsk; thawing layer was reduced from 4.0 m to 1.51 m in 5 years, correspondingly [27].
The effect of solar blinds is proportional to the radiation to convection heat flux ratio. For this
reason, strong effect has been shown for Tibet [14]. But in some cases, 1.5 m thawed layer is still

not appropriate.
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Figure 4. Calculated temperature distribution at natural conditions to check for basic equilibrium

in Yakutsk (a — July and January in 2016-2020; b — monthly distribution in 2020)
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Figure 5. Temperature distribution under PV solar shields in Yakutsk (a, b — see Figure 4)

Another way for shielding soil from the external heat is covering with the heat insulation
layer. Crushed rock is a more usual and universal one, but polystirol sheets are also used for this.
We have considered such way for Chita (Figure 6) since summer heating is rather high there, and
convective part should also be rejected to get small thawing layer. However, such heat insulation
prevents intense freezing in winter. For deep snow regions, it gives low additional effect, but
snow cover is thin in Chita (Table 4). As a result, cooling in winter is very poor and highest
temperatures are reached in SeptemberOctober due to thermal conduction from the unshielded
areas. Even though a thawed layer of several meters is still present, it exists for shorter time and
is still thinner than at natural conditions. Another feature of this case is positive long-term
temperature drift caused by low cooling in winter (Figure 6a), while all other cases are showing
neutral or negative trend. This case is also sensitive to the season when heat insulation is applied.
If done in September, the soil is preserved in warm state and thawed deeper. If done in April, just

after snow is gone, soil is preserved in the cooled state presented in Figure 6.

11
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Figure 6. Temperature distribution under 50 mm polystirol heat insulation in Chita (a, b — see

Figure 4)

Thermosyphons widely used for permafrost thermal stabilization give a similar effect for
the embankment axis (Figure 7) compared to the solar blinds (Figure 5). While the latter are
covering the embankment slopes uniformly, the former are forming cool spots, and their effect is
decreasing with distance. If the evaporator part is vertical, the embankment axis can be too far to
see the cooling effect, while frozen walls preventing soil movement are still formed aside, and
deep layers are gradually cooling down. To make the embankment core frozen, inclined
evaporators are used, but this complicates the thermosyphon design, logistics, and installation.
The soil is still thawing down to 1.5 — 2.0 m since it is heated in summer, but this layer stays for
a shorter time than at natural conditions. The time gap between artificial cooling and natural
heating leads to the present issues in the warming climate. E.g., in hot summer after a warm
winter, thawed gaps in the thermosyphon rows appear leading to wet soil movement through
those bottlenecks. Noteworthy, dry and rocky soils characteristic for the southern edge of the

permafrost extent are even less capable of such cold accumulation.
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Figure 7. Temperature distribution under thermosyphons in Norilsk (a, b — see Figure 4)

To prevent this, the active cooling of thermosyphons is used in summer, solar powered
chillers can be used to make such systems autonomous [18]. Or solar blinds could be combined
with thermosyphons, but our calculations show (Figure 8) that despite certain effect in Norilsk,
this way is still incapable of thawing layer prevention farther south. Neither does combination of

heat insulation with solar panels since the latter do not add anything sufficient to the shielding

effect.
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Figure 8. Temperature distribution under solar blinds combined with thermosyphons in Norilsk

(a, b —see Figure 4)
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4.2. Implementation of the suggested approach

Our approach suggests that cooling should be applied in summer not to the deep layers

but to the soil surface — to prevent heat penetration completely. In terms of hardware, the system

should be some similar to the one described in [18], but ground probes should be placed

horizontally, like in floor heating, and solar panels (or at least blinds) should cover most of the

protected area. Figure 9 shows that almost no thawing layer is possible in Yakutsk conditions,

and there is remarkable negative temperature drift both in summer and winter even after 5 years

of system operation. Figure 10 indicates clearly that heat does not penetrate beyond the ground

probes even in the warmest conditions of considered, placing those closer to the surface can even

eliminate thawing layer completely as soon as heat source is balanced with heat sink. Figure 10c

is particularly interesting because the embankment stays frozen in summer while thawed layer is

formed in-depth aside by long-distance thermal conduction.
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Figure 9. Temperature distribution under PV with near-surface ground probes in Yakutsk (a, b —

see Figure 4)
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Figure 10. Temperature maps under PV with near-surface ground probes in July 2020 (a —
Yakutsk, b — Norilsk, ¢ — Chita; left — general view, right — magnified upper edge of the

embankment)

There is a more exotic way to form a thermal shielding layer — spraying of the artificial
snow under the solar panels. Although the application range for this way is more limited. Of
considered sites, it worked in Norilsk only leading to thawing layer of less than 0.5 m (Figure
11). This way is much more favorable for the alpine areas, where rocks and surface ice restrict
using ground probes and convective heat flux is low. However, producing artificial snow
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suggests intense supply of finely filtered water. We have evaluated 6 cm thick artificial snow
layer can be produced daily during months with positive mean air temperatures and based on this

performed calculations.
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Figure 11. Temperature distribution under PV with 5 cm artificial snow layer in Norilsk (a, b —

see Figure 4)

5. Discussion

5.1. Application to real constructions

Even though sun elevation angles in the Arctic are low, we still suggest mounting solar
converters parallel to the ground surface to provide the best shielding and to reduce wind loads.
The exception relates to the fuel reservoirs, where vertical cylindrical surface is even more
desirable for solar panels (if safety regulations are matched). In case of insufficient power
supply, solar energy converters can cover the area bigger than what actually needs thermal
stabilization, except extra power, those provide a buffer layer of shielded soil that is still cooler
than at natural conditions. The example of such approach is presented in Figure 12. Without
shielding the top of the embankment, heat flux is higher than sinking to the ground probes, this
leads to deeper thawing. But side ground probes are forming frozen walls preventing thawed soil
tangential movement. Dull weather does not suggest strong heating, but additional use of wind

energy can be considered in certain cases.

16



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

1k
XA X X I
o g | g
%__1 ><\>><< XX X Y >§)§K<
8 X_TXH X ‘
271 2020 ok
3] ——Jan
—x—Feb
A Mar
51— :\Apr \
ay |
61— Jun ‘
74—l
—*— Aug
-84 —x—sep
_9 ——Oct
—x—Nov
-10] —x— Dec
T
-30 -25 -20 -15 -10 -5 0

a b
Figure 12. Temperature distributions at realistic road embankment (paved with concrete, no PV
atop of it) in Yakutsk with 1.8x cooling capacity due to use of power from extra solar panels

outside the embankment.

Ideally, to reduce digging, ground probes are to be placed as close to the surface as
possible. But, in this case, heat flow is maximized and, to provide a uniform temperature field,
probes have to be close to each other. To some extent, this could be resolved by placing a heat
insulation layer on top. But we suggest probes should be buried at 20 to 50 cm with about the
same distance in between. Shallow horizontal ground probes are particularly useful in the
regions with rocky general substrate, e.g., in the mountain areas. Thermal shielding layer could
be particularly useful for saline soils since those are thawing deeper and need to be cooled to
lower temperatures [28].

It has been shown that at permafrost thawing highest emission rates for CO, occur from
0-40 cm depths, for CHs — from 40-80 cm [29]. High abundances of carbon-cycling bacteria,
fungi, and archaea corresponded to 0-40 cm depths. Release of hazardous chemical, e.g.,
mercury [30], has been reported too. So significant reduction of thawing layer and its

temperature leads not only to better structure stability, but also prevents chemical and biological
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hazards in the area of human activities. In critical cases, river and lake banks can be also shielded
using our approach to stop destruction and methane bubbling [31].

5.2. Costs evaluation

We have evaluated the basic cost of PV + vapor compression heat pump solution. PV
panels current spot price is 0.171 $/W [32], and reasonable conversion efficiency for this price is
ca. 17% at STC, which gives 170 W/m? or 29 $/m?. PV panels represent ca. 40% of the solar
power plant cost, so 75$/m? can be assumed. This cost could be reduced if DC driven
compressors are used, so no invertors needed. Indeed, maximum power output for a horizontal
panel at N 60° latitude (maximum sun elevation angle 53.44°) will be reduced to ca. 100 W/m?,
so this value is to be used for available cooling capacity calculation. High COP vapor
compression pumps for a suitable temperature range cost ca. 1.0 $/We, or 100 $/m? (can be
reduced, see below). Usually, horizontal ground probes installation cost depends on excavation
works and is sufficient, but using cable laying machines in this case can reduce it to 2 $/m?
including pipe. So the whole suggested thermal stabilization system cost starts at 177 $/m?.

Thermosyphon cost is ca. $330 and it freezes area of ca. 3 m?, its mounting costs at least
$200, giving a total of at least 176 $/m?. For solar powered ground chillers [18], cost evaluation
by the authors is ca. 125 $/m?, but it is provided for system components only, not including
assembly and installation, which all can double the price. Of course, these cost evaluations are
coarse, but those show our solution might be economically competitive while providing cooling
exactly when it is needed and with positive feedback to solar radiation, resulting in nearly
guaranteed frozen state of the near surface soil layers. This feedback also resolves the problem of
faster thawing at southern slopes — at more intense solar flux.

The reduction of construction and maintenance costs at guaranteed permafrost thermal
stabilization needs special consideration. Rough estimates show that these savings are at least
half of the suggested solution cost, so making it eventually cheaper than traditional approaches.

In case energy pumped out of the ground is supplied for heating rather than released to the
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atmosphere, additional income is generated. For example, ca. 0.3 Geal/(m?*yr) output in Norilsk,
at local rates for heating reaching 235 $/Gcal for isolated small communities [33], results in
saving up to 70 $/(m?*yr). Even though half to quarter of this are more usual rates for
comparatively developed sites in that region (and tenth for the city), the suggested system could
be paid off just in this way during its lifetime.

5.3. Possible optimization

The electricity is the most universal form of energy to be used in devices, but
photovoltaic (and thermovoltaic to even greater extent) conversion efficiency is rather low if
cheaper products are considered. While electricity-driven refrigeration units provide the highest
COP. As for any system, cooperation of elements at certain conditions should be considered. For
example, we can consider PV combined with a vapor compression cooler or a vacuum tube
collector — with an absorption cooler. Commercial PV has realistic efficiency of 15%, and
vacuum tube solar collectors have 60%. A good vapor compression heat pump would give us
COP of 4.0 while absorption pump (uses mainly heat and needs electricity for circulation pumps,
fans and other service) — just 2.0.

Multiplication of performance for these two cases gives approximate overall use of solar
energy of 60% and 120%. This still does not mean the latter configuration is better. While
vacuum tube pipes convert direct solar radiation only, some PV (a-Si, CIGS) can deal well with
the diffused radiation too. In reverse, at higher ambient temperature, vacuum tube efficiency
grows while it goes down for PV (except some non-mass production materials). Vapor
compression coolers specific cost is lower than absorption ones at cooling capacity below
ca. 2 MW. COP of vapor compression heat pumps can be improved if piston compressors
(invertors) are powered with DC current from solar panels without double conversion
DC/AC/DC as in conventional grids. All this is to show a number of tradeoffs to be resolved in

each certain case.
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At first glance, bulk energy storage (except minimum needed for control units operation
and slight damping of power supply intermittence) will not be paid off. Since in this case the soil
is the major and free storage of the demanded thermal energy. What could be optimized is PV to
cooling unit peak capacity ratio. Capacity factor for PV part depends a lot on local conditions,
and for horizontal panels is basically limited by the site latitude (on average, will not exceed
18%; in this case, it should be calculated for active season rather than the whole year). As it was
shown above, cooling unit specific price is significantly higher than PV, so its capacity factor is
worth optimization. For that, cooling unit operation should be uniform; could be supported by
driving energy storage. Bulk heat storage is considerably cheaper than electric, which gives
another advantage for solar thermal + absorption cooling configuration. But in case of excessive
electric energy generation, it could be sold out where applicable, so making investment in PV

power more cost effective than in energy storage.

6. Conclusions and future work

A sustainable way to reduce thawing layer depth to the first decimeters or eliminate it
completely is presented for the first time. The concept combines previously known ways of solar
radiation and precipitation shielding, solar powered cooling, and a novel approach suggesting
forming a near-surface thermal shielding layer. That is suggested to be formed by shallow
horizontal ground probes or, in some cases, by artificial snow. The cooling capacity of this
system has a positive feedback to the solar irradiation — the main component of soil heating.

In addition to infrastructure and buildings protection, this concept could be used to
prevent greenhouse gases release, and chemical and biological pollution from thawing
permafrost in the areas of human activities at least. We suggest this solution could be highly
demanded for constructions life cycle contracts; the evaluated cost of its implementation is
comparable to widely used thermosyphons while much better effect and further cost reduction

are expected.
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