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A B S T R A C T

Thermosyphons, utilizing natural convection and phase change mechanisms, offer a reliable and maintenance- 
free solution for heat transfer, crucial for preserving permafrost and maintaining infrastructure stability. This 
paper reviews the design variations and operational principles of thermosyphons, highlighting their adaptability 
and effectiveness in diverse applications such as transportation, energy, and infrastructures in Earth regions with 
low temperature. Over the past decades, the cooling performance of thermosyphons, especially two-phase closed 
thermosyphons, has been widely employed to save permafrost subgrades under pavements, railway embank
ments, pipeline foundations, transmission tower foundations, buildings, and other structures in Northern 
America, Russia, China, and elsewhere. These applications have been the focus of numerical simulations, lab
oratory experiments, and field studies. Recent innovations, including the use of nanorefrigerants, new config
urations such as L-shaped and horizontal thermosyphons, and the combination of thermosyphons with other 
passive cooling technologies, have significantly improved their performance and efficiency. Some innovative 
applications, however, remain at the stage of laboratory research, numerical simulations, or conceptual 
modeling, with further field studies needed to assess their durability, reliability, and ease of construction. This 
review underscores the importance of continued research to enhance material durability, operational efficiency, 
and the development of advanced monitoring systems.

Nomenclature

<!–Col Count:4–>Symbols
A Amplitude of temperature 

variation, ◦C
f Frozen

B Phase shift in temperature 
variation, ◦C

g Ground

C Mean annual surface 
temperature, ◦C

i Ice

Cs Specific capacity s Soil
d0 Outside diameter of the TPCT, 

m
u Unfrozen

F Thermal exchange area, m2 ​ ​
FI Freezing index Greek Symbols
FN Frost number α Convective thermal energy 

transport, W/(m2⋅◦C
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h Thawed ground thickness, m βi Ratio of ice content to 
unfrozen moisture content

H Height above ground for wind 
velocity measurement, m

θ Volumetric moisture

L Latent heat of vaporization, 
kJ/kg

λa Thermal conductivity of air, 
W/(m⋅K)

l Length of the evaporation 
zone, m

ρ Density, kg/m³

Nua Nusselt number for fluid v10 Wind velocity at 10 m above 
ground, m/s

P Pressure, Pa ​ ​
Q Heat flux, W Abbreviations
R Total thermal resistance, K/W COP Coefficient of Performance
R1, R2, 

… R6

Specific thermal resistances, 
K/W

CRCOP China-Russia Crude Oil 
Pipeline
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(continued )

S Permafrost thaw settlement 
parameter

FR Filling Ratio

Sr Relative degree of saturation 
of frozen soil

GWP Global Warming Potential

T Temperature, ◦C HTPCT Horizontal Two-Phase 
Closed Thermosyphon

TI Thawing index LTPCT L-shaped TPCT
ΔT Temperature difference, ◦C ODP Ozone Depletion Potential
​ ​ QTH Qinghai-Tibet Highway
Subscripts TPCT Traditional Two-Phase 

Closed Thermosyphon
a Air VCRS Vapor Compression 

Refrigeration System
e Evaporator ​ ​

1. Introduction

Thermosyphons are a crucial component in thermal management 
technologies, enabling the passive transfer of heat through natural 
convection and phase change mechanisms. These systems do not require 
mechanical pumps, making them highly reliable and cost-effective, 
especially in permafrost regions where maintaining electrically driven 
cooling devices is challenging and expensive. At the core of a thermo
syphon’s operation is a self-sustaining cycle where heat is absorbed by 
the working medium in the evaporator area, causing it to vaporize. The 
vapor rises to the condenser area, releases thermal energy to the sur
roundings, and condenses back into a fluid, which gravity then returns 
to the evaporator, completing the cycle. This efficient, energy- 
independent process is vital for preserving permafrost and maintain
ing the structural integrity of infrastructure in cold climates.

Thermosyphons are essential for the protection and maintenance of 
permafrost, which underlies vast regions including Siberia, Alaska, 
Northern Canada, China, and elsewhere. These devices play a pivotal 
role in safeguarding infrastructure, such as the Qinghai-Tibet Railroad 
(QTR), from the detrimental effects of global warming, which promotes 
permafrost thaw and compromises the structural integrity of the ground, 
thereby endangering the reliability and safety of critical structures [1]. 
Thermosyphons facilitate the removal and dissipation of ground heat, 
maintaining a stable, frozen state of the permafrost, which is critical for 
the longevity of overlying systems like roads, buildings, and pipelines 
[2]. Their use also extends to broader protection against frost damage 
and temperature variations, enhancing energy efficiency through their 
passive operational mode [2]. Examples such as their use in the Alaska 
Pipeline project and the Qinghai-Tibet Railway highlight the effective
ness of thermosyphons in maintaining infrastructure stability under 
challenging permafrost conditions [3]. They ensure stable and level 
surfaces for safer transportation by keeping the permafrost layer frozen. 
Additionally, thermosyphons are deployed in various infrastructure 
projects across permafrost regions, including pipelines, railway em
bankments, and utility poles, where they mitigate risks associated with 
thermal expansion and contraction that could lead to leaks or ruptures 
[4–6]. The deployment of thermosyphons in permafrost infrastructure 
offers multiple benefits, including high heat transfer efficiency and 
effective stability management with minimal environmental impact. 
They are adaptable to various soil conditions and infrastructure types, 
providing a versatile solution for permafrost areas. Their effective uti
lization requires precise design and strategic placement, taking into 
account local soil characteristics, permafrost properties, and anticipated 
thermal demands.

Research on the use of thermosyphons to preserve permafrost sub
grades beneath infrastructure in cold regions has expanded significantly, 
encompassing laboratory studies, numerical simulations, and concep
tual modeling [7,8]. This growing body of work highlights the need for a 
comprehensive review to examine the various dimensions of thermo
syphons, including their theoretical foundations, operational mecha
nisms, and technological advancements. This paper provides a 

comprehensive examination of empirical studies and practical imple
mentations of thermosyphons designed for cold environments, empha
sizing key advancements that have improved their efficiency, reliability, 
and range of applications [9–19]. By assessing various applications, this 
paper addresses challenges such as optimizing thermal efficiency, 
improving material durability, and minimizing environmental impacts. 
Finally, the review suggests future research directions and potential 
interdisciplinary collaborations that could further optimize and expand 
the use of thermosyphons in cold regions [20–24].

2. Thermosyphons technology

2.1. Types of thermosyphons

Thermosyphons are categorized based on their configuration and the 
mechanism facilitating the fluid’s return. Taking into account the 
coolant motion direction, thermosyphons can be classified into two 
main groups, namely, two-phase thermosyphons and loop 
thermosyphons.

As shown in Fig. 1(a), two-phase closed thermosyphons (TPCTs) 
resemble regular tubes without an internal wick structure. In operation, 
the coolant absorbs heat in the evaporator, causing it to vaporize. This 
vapor goes to the condenser and it releases heat and condenses back into 
a fluid. Gravity then returns the liquid to the evaporator, necessitating 
that the condenser be installed in a higher place than the evaporator for 
effective functioning. Consequently, the condenser must be set up higher 
compared to the evaporator for the thermosyphon to function effec
tively; horizontal installation renders it inoperative [25]. This vertical 
orientation allows TPCTs to transport the thermal energy efficiently 
from the lower part to the upper one, making them suitable for appli
cations such as cold energy storage systems [26]. They utilize phase 
change dynamics to transport the thermal energy effectively across 
surfaces having minimal temperature difference, proving invaluable in 
geo-temperature regulation within permafrost areas [27–29].

Loop thermosyphons, also known as separated heat pipes [30,31] or 
thermosyphon loops [32,33], consist of an evaporator, condenser, fluid 
pipe (down-comer) [34], and vapor pipe (raiser) [35]. In these systems, 
the evaporator and condenser are separate and connected by the liquid 
and vapor pipes, as illustrated in Fig. 1(b–d). The liquid-filled space 
between the evaporator and condenser can be either partially or fully 
filled; the flow from the evaporator to the condenser can consist of vapor 
alone or a mixture of vapor and liquid. During operation, the coolant 
absorbs heat in the evaporator and vaporizes. The vapor goes through 
the vapor pipe to the condenser due to buoyancy forces, carrying some 
liquid upward due to viscosity forces. Inside the condenser, the vapor 
condenses back into liquid, which then returns to the evaporator along 
the liquid pipe. Closed-loop systems are highly efficient for applications 
requiring precise thermal management and are particularly effective in 
scenarios like electronic cooling [36–38], and enhancing heat exchanger 
efficiency in cold climates [39–41]. Also, a closed-loop system can be 
used to cool permafrost subgrade by deploying the evaporation section 
as horizontal pipes filled with working fluid and placing these pipes 
beneath the permafrost base of the infrastructure [42]. In contrast, 
open-loop thermosyphons are not completely sealed, allowing the 
integration and replenishment of the working medium, either vapor or 
liquid, from external sources as shown in Fig. 1(f) [43]. This configu
ration is advantageous for systems requiring fluid top-ups or integration 
with larger environmental mechanisms, such as geothermal heating or 
snow melting systems, providing flexibility and adaptability to varying 
thermal conditions [44,45]. The outlet is typically positioned at a higher 
elevation than the inlet to ensure that the working medium flows in the 
desired direction (Fig. 1(f)) [46]. Open-loop thermosyphons are typi
cally preferred for large-scale projects due to their fluid management 
flexibility [47]. An open thermosyphon features a closed tubular bar 
functioning as the evaporator and an open end leading to a container 
acting as the condenser. This design allows for the integration and 
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replenishment of fluid from external sources, making them highly 
adaptable for various thermal applications. Low-density thermal energy 
recovery, solar water heating, gas turbine blade cooling, and nuclear 
reactor cooling are some examples of open-loop thermosyphon utiliza
tion [48]. Open-loop thermosyphons are seldom used in cooling 
permafrost subgrade, possibly because the open section of the thermo
syphon is difficult to maintain routinely, given the harsh weather con
ditions that make accessing permafrost regions challenging.

2.2. Operation principles

Thermosyphons operate through the application of thermodynamics 
and fluid mechanics, efficiently transporting heat across spatial gradi
ents without necessitating external energy inputs. Central to their 
function is the phase change of the working medium, a process that 
significantly enhances the thermal energy transfer capabilities owing to 
the substantial latent thermal energy of vaporization involved. The 
operation of a thermosyphon is described using two primary phenom
ena: the thermal energy transport and the phase change of the working 
medium. Within the evaporator area, situated at the lower end and 
exposed to a heat source, the temperature of the working fluid escalates 
until it achieves its boiling point under the pressure in the closed-loop 
structure. At this juncture, the fluid undergoes a phase transition from 
liquid to vapor, absorbing the heat from the surrounding – referred to as 
the latent thermal energy of vaporization. This transformation is pivotal, 
facilitating a more efficient regime of the thermal energy transport 
compared to conduction or convection alone. As the vapor, now lighter 
than its liquid counterpart, rises to the cooler condenser area at the 
upper part of the thermosyphon, it encounters a cooler surface. This 
contact induces the vapor to condense, transforming back into a liquid 
and releasing the thermal energy previously absorbed during vapor
ization. The heat released during this process is dissipated into the 
surrounding environment or into a designated cooling medium, as 

depicted in Fig. 1 (b) [49]. Following condensation, the denser liquid 
flows back to the evaporator by the gravitational force, and as a result 
completing the thermal energy transport cycle.

The boiling point, which is affected by the thermal flux and medium 
properties, is a critical factor that depends on the saturation temperature 
and pressure of the working medium [50]. In a thermosyphon, the 
pressure can vary along the system’s height and locally affect the boiling 
point. For example, at the higher pressures found in the deeper parts of 
the thermosyphon, the fluid’s boiling point will be higher. The inter
action between temperature and pressure is critical to its operation in a 
closed system such as a thermosyphon [51].

2.3. Design and components

Thermosyphons, while simple in design, feature three main ele
ments, including the evaporator, the adiabatic area, and the condenser. 
The evaporator, placed at the lower part, initiates the thermal energy 
transport phenomenon by absorbing thermal energy and vaporizing the 
working fluid. In cold climates, the evaporator’s design may incorporate 
materials with high thermal conductivity or fins to enhance heat ab
sorption [27].

The adiabatic area is as a thermal bridge, insulated to prevent heat 
loss and ensure the vapor reaches the condenser without premature 
condensation. This section’s length and insulation are critical, particu
larly in cold regions, to maintain the system’s thermal efficiency. The 
condenser, positioned at the top, facilitates heat release and vapor 
condensation, often enhanced with features like fins to increase the heat 
transfer area [52]. In colder settings, modifications might include ma
terials or coatings to prevent frost buildup and facilitate continuous 
operation under freezing conditions.

Environmental factors such as the inclination angle of the thermo
syphon, wind speed, and ambient temperature critically influence its 
cooling efficacy. Design adjustments in cold regions may include 

Fig. 1. Schematic of typical thermosyphons; (a) A row of thermosyphons installed along a road (b) the evaporation and condensing of two-phase closed thermo
syphon; (c) Closed-loop thermosyphons with the liquid-filled space filled fully, (d) Closed-loop thermosyphons with the liquid-filled space partially fully, (e) Closed- 
loop thermosyphons with the motion from the evaporator to the condenser consist of a mixture of vapor and liquid, (f) Open-loop thermosyphon, adapted from [46].
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additional insulation in the adiabatic area to decrease the thermal en
ergy loss and the use of materials like stainless steel or titanium for 
enhanced durability and corrosion resistance [53].

Incorporating thermal storage systems enables these thermosyphons 
to store excess heat, which can be crucial during periods of low heat 
demand or ambient temperatures. This capability ensures continuous 
thermal management and enhances the system’s efficiency in cold en
vironments. As indicated in Table 1, it is recommended to maintain a 
spacing of approximately 3.0 m between thermosyphons to optimize 
their radius of influence and ensure effective heat dissipation [54–56]. 
These design strategies are significant for maximizing the performance 
and reliability of thermosyphons in challenging thermal conditions.

Jin et al. [56] conducted an extensive research on the cooling per
formance of various thermosyphon configurations in permafrost Earth 
areas. Their findings revealed that for traditional TPCT spaced 12 m 
apart, the cooling effect is primarily concentrated at the shoulder of the 
embankment, achieving a cooling radius of approximately 3 m. The 
L-shaped TPCT configuration improves cooling in the core of the 
embankment, creating a low-temperature area of − 1.5 ◦C with a cooling 
radius of about 5 m from the evaporators’ endpoints. However, this 
configuration is less effective on the slopes, potentially leading to 
permafrost degradation [57]. To weaken the impact of radiation on 
slopes, L-shaped TPCT is best used in company having slope cooling 
measures like crushed-rock revetment [58,59].

The Horizontal Thermosyphon (HTPCT) exhibits superior overall 
cooling performance compared to the other configurations. The HTPCT 
achieves a cooling radius of approximately 7 m [56], measured from the 
midpoint between two HTPCTs. It ensures a more uniform temperature 
distribution across the embankment, reducing transverse temperature 
differences and enhancing embankment stability [60]. These results 
indicate that while traditional TPCTs provide localized cooling, both 
L-shaped TPCT and HTPCT configurations offer improved and more 
uniform cooling over a larger radius. The HTPCT, in particular, excels in 
managing overall temperature distribution and maintaining embank
ment integrity in permafrost regions [56]. Research on the cooling 
performance of HTPCP is still primarily limited to laboratory studies and 
numerical simulations, highlighting the need for further field experi
ments to validate the permafrost cooling effects observed in these 
simulations.

2.4. Working fluid in thermosyphons

Refrigerants, capable of undergoing phase transitions at both low 
and high temperatures, are integral to various applications including 
refrigeration systems, space engineering systems, and the preservation 
of blood, medication, and food [61]. In thermosyphons, the choice of 
material and working medium is critical, particularly for 
low-temperature applications [62]. The performance of thermosyphons 
relies heavily on selecting an appropriate working fluid within a sealed 
system to facilitate heat transfer through natural convection, elimi
nating the need for mechanical assistance [63–65]. Recent studies have 
explored various types of coolants used in thermosyphon systems, 
categorized into three main groups: inorganic coolants, Freon re
frigerants, and other organic coolants. Table 2 summarizes the refrig
erant specifications used by past researchers in thermosyphon fields 
[66–68].

Water and carbon dioxide (R744) are the examples of inorganic 
coolants. CO2 is particularly notable for its environmental friendliness 

and significant energy-saving potential, boasting a higher thermal en
ergy transport capability in comparison to many other coolants. How
ever, using CO2 presents challenges. It operates at much higher pressures 
than Freon refrigerants, has a critical temperature close to the upper 
operating limits of data center racks, and requires stringent safety 
measures to prevent leakage due to its high working pressure. Water, on 
the other hand, is a cost-effective and environmentally benign option. 
Unlike most coolants, which operate at pressures above atmospheric 
levels, water operates below atmospheric pressure, making the system 
prone to air ingress, which can degrade heat transfer efficiency. 
Addressing leaks in water systems is cumbersome as it requires complete 
drainage, vacuuming, and refilling of the system to restore optimal 
performance. Freon refrigerants category includes R22, R134a, R410A, 
and others. R22, while non-flammable and non-toxic, is being phased 
out due to its ozone-depleting properties. R134a, which has replaced 
R22 in many applications, offers a balance of lower working pressure 
and higher thermal energy transport ability. R410A provides even 
higher heat transfer efficiency but operates at higher pressures and has a 
complex composition that can affect performance if leakage occurs. R32, 
similar in pressure to R410A, offers good heat transfer performance but 
is flammable, posing safety risks in industrial applications. Despite their 
effectiveness, Freon refrigerants generally have high global warming 
potential (GWP), contributing to their classification as greenhouse gases 
with poor environmental performance. Other organic coolants include 
n-pentane and HFE7000. Fluorocarbons, known for their stability, large 
latent thermal energy, and non-conductivity, are also used in engi
neering applications. While fluorocarbons are stable and effective for 
immersed cooling techniques [25], their potential use in loop thermo
syphons warrants further study to understand their full capabilities and 
limitations.

The chosen working fluid must match the application’s operational 
temperature ranges. The compatibility of the medium with the working 
material, as well as the fluid’s boiling point, is paramount [69,70]. For 
low-temperature uses, ammonia and refrigerants like R134a, R22, and 
R410a are preferred due to their favorable thermodynamic properties, 
and are often employed in conjunction with compatible shell materials 
such as copper, steel, and aluminum [65,71–75]. Ammonia is often used 
as a coolant in thermosyphons designed to preserve permafrost due to its 
favorable thermodynamic properties. Ammonia has a high latent ther
mal energy of vaporization and operates effectively at low temperatures, 
making it ideal for maintaining the subfreezing conditions required to 
preserve permafrost. However, ammonia’s toxicity and potential envi
ronmental risks necessitate careful design and monitoring to prevent 
leaks and ensure safe operation (Table 2).

2.4.1. Filling ratio of the working fluids
The filling ratio (FR) is a crucial characteristic that significantly 

impacts the thermal energy transport efficiency of loop thermosyphons. 
The FR represents the proportion of the coolant volume changed by the 
loop thermosyphon relative to the overall volume, which can be defined 
either as the volume of the evaporator [85] or the overall volume of the 
loop thermosyphon [86]. When the total volume is determined as the 
evaporator volume, the FR can exceed 100 %, whereas it remains below 
100 % when considering the entire loop volume. The FR directly in
fluences the coolant’s condition, affecting whether it is superheated or 
overcooled, which in turn impacts the system’s thermal energy transport 
capability. The optimal FR, where no superheating or overcooling forms, 
is termed the best filling ratio and is essential for the efficient regime of 
the thermosyphon [85]. Thermosyphons operate under three primary 
conditions based on the FR: the dry-up limit, the best filling ratio, and 
the flood limit [87–89]. At the dry-up limit, a low FR and high heat flux 
cause the upper evaporator section to dry out, reducing the thermal 
energy transport efficiency owing to a shift in the motion pattern [90]. 
At the best filling ratio, the coolant remains in a saturated state in both 
the evaporator and condenser, facilitating optimal thermal energy 
transport conditions. Conversely, at the flood limit, the condenser’s 

Table 1 
Effective cooling radius for various thermosyphon configurations.

Type of Thermosyphons Cooling Radius (m) Refs. Method

TPCT 3 [54–56] Exp.
L-shaped TPCT 5 [56] Exp.
HTPCT 7 [56] Exp.
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bottom becomes submerged in liquid, leading to overcooling and 
decreased heat transfer efficiency. Research by Ding et al. [91] pre
sented that filling ratios limit the thermal energy transport. The filling 
ratio does not influence the thermal energy transport within the evap
orator or the total thermal energy transport capacity of the loop ther
mosyphon as long as the heat transfer process is not restricted.

Research by Payakaruk et al. [92] demonstrated that the filling ratio 
does not significantly impact the thermal energy flow ratio across 
various orientations, including vertical alignments. However, Wang and 
Ma [93] found that the optimal inclination angle for heat pipes, ranging 
between 20◦ and 50◦, is influenced by the filling ratio. Their experiments 
with 10 %, 23 %, and 33 % liquid fillings showed that lower liquid fill 
rates increase the condensation coefficient.

Emami et al. [94] reported maximum thermal energy transport ef
ficiency at a 60◦ inclination for various aspect ratios and filling rates, 
noting that a 35 % tilt was particularly effective. Elmosbahi et al. [95] 
observed optimal heat transfer performance when the methanol volume 
was about two-thirds of the evaporation area’s volume, indicating the 
essential impact of the filling ratio on functionality. In cold regions like 
Alaska, the FR’s effect on low-temperature heat transfer performance 
remains underexplored [96]. Observations suggest that during hibernate 
periods, the liquid ammonia level within heat pipes ranges from 0.3 to 
0.6 m, indicating that fluid levels rise with boiling-induced gas gener
ation. This variation is likely correlated with temperature differences 
between the evaporation and condensation ends, although dynamic 
studies are lacking. A 65 % liquid filling intensity at low temperatures 
has been obtained to result in the lowest thermal resistance at a 20◦

inclination [96]. Zhang et al. [97] studied a heat pipe having a 65 % 
liquid filling strength at low temperatures and revealed the lowest 
overall heat resistance at a 20◦ inclination angle.

In Table 3, a summary of studies conducted on working fluid effects 
on thermosyphon heat transfer characteristics is provided; Different 
refrigerants also exhibit varying efficiencies based on the FR. Hydro
fluorocarbons (HFC) refrigerants like R134a and R404a perform better 
at specific fill ratios, while R407c shows reduced efficiency under 
similar conditions [98]. The heat transfer coefficients for ethanol closely 
match established correlations for over-filled conditions [99]. Further 
investigations by Ma et al. [81] and subsequent analyses by Ong et al. 

[100], Jeong [101], and Ong and Haider-E-Alahi [67] explored various 
operational variables like fill ratios and coolant flow rates, demon
strating their impact on performance. Ma et al. [81] conducted an 
investigation into the performance of various working fluids in solar 
TPCTs. Their study highlighted the mixture of R245fa/R152a as 
demonstrating superior thermal performance, achieving higher tem
perature increases, greater efficiency, and increased heat flow rates, all 
while maintaining lower operational pressures compared to R134a. 
Additionally, the working fluids R1234ze, R600a, and R245fa were 
found to offer lower temperature increases and pressures, underscoring 
their environmental advantages due to their lower global warming po
tential. Payakaruk et al. [92] and Terdtoon et al. [102,103] utilizing 
R123 refrigerants assessed the impact of aspect ratio and orientation on 
ther thermal energy transport, finding that certain configurations could 
significantly enhance efficiency. As the working fluid was nitrogen, 
Nakano et al. [104] demonstrated that vapor-liquid interactions on the 
evaporator wall were critical to optimal heat transfer.

2.4.2. Nanorefrigerants utilization in thermosyphons
Table 4 presents a summary of studies indicating that Nano

refrigerants have been shown to enhance boiling and condensing pro
cesses more effectively compared to pure refrigerants. Nanorefrigerants 
offer an alternative method to enhance thermosyphon performance 
[106]. Additionally, incorporating nanoadditives in refrigerants sub
stantially rises the pressure difference, that benefits thermosyphon 
operation. Sun and Yang [107] studied how nanorefrigerants affect heat 
transfer in internal thread copper tubes. They were especially interested 
in how different mass fractions of nanoparticles affect heat transfer 
improvements. They reported that the heat transfer coefficient increased 
by 17 %–25 % across various setups, with the Cu-R141b nanorefrigerant 
exhibiting the highest enhancement of up to 25 %. Mahbubul et al. 
[108–111] have extensively studied the impact of nanoparticle volume 
concentration on the thermophysical properties and heat transfer per
formance of nanorefrigerants. They highlighted the benefits of 
Al2O3/R-134a and Al2O3/R141b nanorefrigerants in improving thermal 
conductivity and heat transfer coefficients, especially at higher particle 
concentrations and temperatures. Specifically, their findings demon
strate that the thermal conductivity of Al2O3/R141b nanorefrigerant 

Table 2 
Specifications of commonly used refrigerants in thermosyphons.

Cooling 
Fluid

Refs. Boiling 
Temperature 
(◦C)a

GWP Viscosity 
(μPa.s)

Density 
(
kg /m3)

Advantage and Disadvantage

Liquid Vapor Liquid Vapor

R134a [66–68] − 26.07 1430 
[76]

384.2 9.68 1376.7 5.26 Nonflammable, no ozone depletion potential (ODP), high global warming 
potential (GWP). Environmentally friendly substitute for R-12 and R-22. 
Commonly employed in refrigerators and automotive air conditioning 
systems.

R22 [68] − 40.81 1810 
[76]

346 9.75 1409.2 4.7 Good heat transfer properties and efficiency, high ODP, being phased out due 
to environmental concerns.

R410A [68] − 51.44 2088 
[77]

346.4 9.9 1349.7 4.17 Excellent efficiency, used in residential and commercial air conditioning. No 
ODP but relatively high GWP.

R404A [68] − 46.22 3922 
[78]

328.5 9.13 1306.3 5.48 Widely used in commercial refrigeration. No ODP but high GWP. Blend of 
R125, R143a, and R134a, offering good low-temperature performance.

R407C [68] − 43.63 1624 
[79]

384.6 9.98 1380.7 4.63 Used in air conditioning systems. No ODP and moderate GWP. Blend of R32, 
R125, and R134a, providing similar performance to R22 but with lower 
environmental impact.

R12 [68] − 29.75 10900 
[76]

345.2 9.56 1487 6.29 High molecular weight and lower heat transfer coefficient. Nonflammable 
but high ODP and GWP.

R32 [66,68] − 51.7 677 
[80]

276.7 9.26 1212.9 2.99 High heat transfer coefficients, lowest normal boiling point. Low 
flammability, no ODP, and a component of R407C. Reasonably high GWP.

R600a [66,68,
81]

− 11.75 3 [82] 227.8 6.58 593.8 2.83 Commonly used in freezers, especially in northern Europe. Minimal ODP and 
low GWP, making it environmentally friendly.

Water [83,84] 100 0 281.8 12.27 958.4 0.6 Very low vapor pressure, requiring larger diameter pipes. Safe and 
environmentally friendly.

Ammonia [66,68] − 33.33 0 255.5 8.05 682 0.89 Ammonia provides efficient, cost-effective, and environmentally friendly 
heat transfer but is toxic, flammable, corrosive, and requires stringent safety 
measures and regulatory compliance.

a Boiling temperature in this table is the boiling temperature at standard air pressure.
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increases with both the augmentation of particle concentrations and the 
rise in temperature. In contrast, viscosity also increases with particle 
volume but decreases with increasing temperature, affecting the flow 
and pressure drop characteristics essential for system design and effi
ciency. In the study conducted by Kedzierski and Gong [112] the in
fluence of CuO nanoparticles added to R134a refrigerant was examined 
to assess enhancements in pool boiling heat transfer. The research 
demonstrated that the introduction of CuO nanoparticles into the 
R134a/polyolester mixture significantly increased the boiling heat 
transfer rates. For a nanolubricant mass fraction of 0.5 %, an enhance
ment in the heat transfer rate of between 50 % and 275 % was observed 
compared to pure R134a/polyolester mixtures. The study by Henderson 
et al. [113] studied the impact of SiO2 and CuO nanoparticles dispersed 
in R-134a and R-134a/polyolester (POE) mixtures was analyzed for their 
influence on flow-boiling heat transfer. The experiments revealed that 
adding SiO2 nanoparticles directly to R-134a resulted in a decrease in 
the heat transfer coefficient by as much as 55 %, likely due to the 
challenges in achieving a stable nanoparticle dispersion. In contrast, 
excellent dispersion was achieved with CuO nanoparticles in a mixture 
of R-134a and POE, which significantly increased the heat transfer co
efficient, more than doubling it over baseline results with just 
R-134a/POE. Jiang et al. [114] highlighted the potential of carbon 
nanotubes to significantly enhance the thermal conductivity of re
frigerants, with R113 as the base fluid. The study found that optimizing 
the diameter and aspect ratio of CNTs could lead to thermal conductivity 
enhancements of up to 104 %. While these results are promising for 
improving energy efficiency in refrigeration systems, the environmental 
impact of using a high-GWP refrigerant such as R113 remains a concern. 
This underscores the need for future research to explore similar en
hancements using refrigerants with lower GWP, thereby ensuring that 
environmental sustainability is maintained alongside technological ad
vancements. In their experimental investigation, Sabareesh et al. [115] 
studied what happened when TiO2 nanoparticles were added as a 

Table 3 
Summary of effect of using various working fluids on heat Transfer character
istics in thermosyphons.

Researchers Cooling Fluid Findings

Gorecki [98] R134a, R407c and R404a R134a and R404A exhibited the 
highest thermal energy transport 
intensities. Optimal fill ratio for 
both refrigerants was 10 %. 
R407C runs at rather high 
pressures, which is a drawback in 
thermosyphon systems. R407C’s 
performance was 50 % below. 
Using this refrigerant also has 
certain disadvantages in terms of 
rather high working pressures and 
a 30 % optimal filling ratio.

Lataoui and 
Jemni [99]

water, acetone, and 
ethanol

Overfilled thermosyphon results 
align with Imura’s correlation. 
Importance of controlling input 
heat flux and cooling fluid 
temperature for optimal 
performance.

Ma et al. [81] R134a, R601, R245fa, 
R600a, R1234ze, R152a, 
R245fa/R152a, and R601/ 
R245fa

R245fa/R152a mixture achieved 
a heat transfer rate higher than 
that of R134a and R245fa by 4.46 
% and 19 %, respectively.

Ong and 
Haider-E- 
Alahi [67]

R-134a Performance increased with 
higher fill ratios and greater 
temperature difference between 
the bath and condenser section. 
The maximum heat transfer 
achieved was approximately 750 
W/m2⋅K for a fill ratio of 0.35, and 
around 1750 W/m2⋅K for a fill 
ratio of 0.8, with a coolant mass 
flow rate of 0.0121 kg/s.

Ong et al. [100] R410A Thermal energy transport 
resistance and overall 
performance were independent of 
fill ratio and inclination angle. 
Lower aspect ratio 
thermosyphons had higher heat 
transfer resistance, resulting in 
lower thermal performance 
consistent with results for water, 
R410A, and R134a.

Jeong [101] CO₂ The maximum heat transfer rate is 
reached when the heat transfer 
flux is roughly 3000 W/m2 for all 
fluid ratios (0.07–0.9). 
Evaporator section thermal 
energy transport coefficient was 
approximately two times higher 
compared to Kutateladze’s 
correlation. Condenser section 
heat transfer coefficients aligned 
well with the Nusselt equation.

Payakaruk et al. 
[92]

R134a, R22, water, and 
ethanol

Working fluid properties 
significantly affected the heat 
transfer ratio. The modified 
Kutateladze number effectively 
predicted the maximum thermal 
energy transport ratio and 
minimum overall heat resistance 
ratio. The maximum angle for the 
heat transfer ratio compared to 
the vertical position (Qmax = Q90) 
occurs between 40 and 60◦.

Terdtoon et al. 
[102]

R123 Internal flow patterns change 
with aspect ratio and inclination. 
At an aspect ratio of 10 and 
higher, inner motion varies from 
annular and churn motion at the 
vertical location to stratified slug 
motion at the inclined location.

Nakano et al. 
[104]

Nitrogen Maximum thermal energy 
transport strength is defined by  

Table 3 (continued )

Researchers Cooling Fluid Findings

the interaction between vapor 
motion and returning liquid film 
flow along the evaporator wall. 
Temperature difference between 
evaporator and condenser 
becomes constant above 100 K.

Abou-Ziyan 
et al. [65]

Water, R134a Combination of 350 mm adiabatic 
length and 0.5 fill ratio provided 
the highest output thermal flux. 
The water-copper 
thermosyphon’s performance 
tends to be reduced by 5 %–20 % 
below the boiling limit due to 
vibration. On the other hand, 
throughout the tested range of 
input heat flux, vibration 
improves performance at the 
beginning of the boiling limit by 
almost the same ratio. Below the 
boiling limit, R134a exhibits little 
to no effect, but above the boiling 
limit, an enhancement of up to 
250 % takes place.

Solomon et al. 
[105]

R600a, R290 The anodization process 
improved the evaporator’s 
thermal energy transport 
coefficient by up to 33 % at a 45◦

inclination angle with an input of 
200 W. In comparison to the non- 
anodized TPCT, the TPCT’s total 
thermal resistance decreased by 
17 %, 20 %, and 23 % for 
horizontal, inclined, and vertical 
positions, respectively.
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lubricant to vapor compression refrigeration systems that used R12 as 
the coolant. The experimental results showed that a 0.01 % volume 
fraction lowered the average compressor work by roughly 11 % and 
raised the average heat transfer rate by roughly 3.6 %. The addition of 
nanoparticles to the lubricating oil ultimately led to a 17 % increase in 
the COP. The study highlights the potential of nanoparticle additives to 
improve energy efficiency, although it does not delve into the environ
mental implications of using a high GWP refrigerant like R12. This gap 
suggests a need for further research into how nanoparticle-enhanced 

lubricants might be used with lower GWP refrigerants to achieve both 
efficiency gains and environmental benefits. Diao et al. [116] investi
gated the effects of nanoparticle addition on the pool boiling perfor
mance and critical heat flux of Cu-R141b nanorefrigerants. The study 
demonstrated that the addition of copper nanoparticles and the surfac
tant SDBS to R141b improves the pool boiling heat transfer perfor
mance. Akhavan-Behabadi et al. [117] looked at how heat moved 
through a horizontal tube when R600a was mixed with polyolester oil 
(POE) and CuO nanoparticles. The experiments demonstrated that the 
addition of a 1.5 % mass fraction of CuO nanoparticles resulted in an 83 
% increase in the heat transfer rate compared to pure refrigerant. 
Notably, the study utilizes R600a, an environmentally friendly refrig
erant with a low global warming potential, aligning the technological 
advancements with sustainability goals. This combination of low-GWP 
refrigerant and nanoparticle technology presents a compelling case for 
the future development of refrigeration systems that are both efficient 
and have minimal environmental impact.

Although many researchers have conducted experimental studies on 
thermosyphons, monitoring internal pressure and velocity remains 
challenging. Accurate observations of these parameters are crucial for 
predicting the behavior of the working medium within the thermosy
phon. Developing a device capable of measuring pressure and velocity 
inside thermosyphons poses a significant challenge and provides moti
vation for future research in this field.

3. Applications of thermosyphons

3.1. Field applications

Thermosyphons and heat pipes have been effectively employed 
across a variety of fields due to their superior heat transport capabilities 
and operational reliability [118]. Key applications include space sys
tems, cold regions, the automotive industry, railroads, the electrical and 
electronics industries, and the nuclear industry.

Since 1960, thermosyphons have been integrated in stabilizing 
foundations in permafrost regions, with notable usage in Alaska, where 
over 900 instances were recorded by 2008 [119]. It has been widely 
used to keep roadway subgrades frozen (Fig. 2 (a)), cool the permafrost 
beneath building foundations (Fig. 2(b)–and (c)), cool concrete poles of 
transmission towers in permafrost regions (Fig. 2(d)–and (e)), and pre
serve the permafrost surrounding the support rods for pipelines (Fig. 2 
(f)–and (g)). The largest deployment occurred with the Trans-Alaska 
Pipeline, which utilized approximately 120,000 units [120]. This tech
nology has been concurrently developed and applied in several countries 
including the US, Canada, China, and Russia, beginning as early as the 
1970s in China and the 1990s in Russia [121–123].

In practical applications, thermosyphons have proven crucial for 
maintaining the stability of the Trans-Alaska Pipeline System. This 
system employs thermosyphons integrated with vertical support beams 
and insulation to effectively manage the thermal effects on permafrost, 
ensuring long-term structural integrity [13]. Similarly, thermosyphons 
are widely utilized in civil and mining projects in Canada [124]. In 1978, 
the first at-grade building on ice-rich permafrost was constructed at Ross 
River, Yukon Territory, using thermosyphons for subgrade cooling 
[125]. These thermosyphons had an evaporator slope of 10 %, which 
inspired the construction of similar structures in the Prudhoe Bay and 
Kuparuk oilfields in the subsequent years [6]. In the 1980s and early 
1990s, a sloping evaporator thermosyphon system, initially installed in 
1982, was used to build numerous at-grade buildings and heated tanks 
in the oilfields [6]. Notable examples include the Inuvik Hospital, which 
utilized these devices to expedite ground freezing processes and enhance 
the efficacy of partially damaged passive thermosyphons at the Female 
Young Offender Facility in the Northwest Territories [42]. They were 
also employed to protect the frozen ground at Simon Allaituq School in 
Nunavut, which had been influenced by heat supply lines.

Furthermore, thermosyphons have been used to construct 

Table 4 
Overview of inclusion of nano particles with refrigerant in thermosyphon 
applications.

Researchers Method Cooling Fluid Findings

Sun and Yang 
[107]

Exp. Cu/R141b, Al/ 
R141b, Al2O3/ 
R141b, CuO/R141b

A significant rise in the heat 
transfer coefficient was noted 
for Cu-R141b 
nanorefrigerant, with a 
maximum increase of 25 %.

Mahbubul 
et al. [108]

Num. Al2O3/R-134a Thermal conductivity 
increased with higher particle 
fraction and temperature but 
reduced with larger particle 
sizes. Significant increment in 
heat transfer coefficient with 
higher nanoparticle volume 
fractions.

Mahbubul 
et al. 
[109–111]

Num. Al2O3/R141b Optimal nanoparticle 
concentrations can 
significantly improve 
refrigeration system 
performance by balancing 
enhanced heat transfer with 
manageable pressure drops 
and energy requirements.

Kedzierski and 
Gong [112]

Exp. R134a/CuO An improvement in the heat 
transfer rate between 50 % 
and 275 % was noted for a 
nanolubricant mass fraction 
of 0.5 % over pure R134a/ 
polyolester mixtures.

Henderson 
et al. [113]

Exp. R-134a/SiO2, CuO Direct dispersion of SiO2 

nanoadditives in R-134a 
resulted in up to a 55 % 
decrease in heat transfer 
coefficient. Excellent 
dispersion of CuO 
nanoadditives in R-134a/ 
polyolester oil led to a heat 
transfer coefficient increase 
of over 100 % compared to 
baseline R-134a/POE results.

Jiang et al. 
[114]

Exp. R113/CNT Up to 104 % thermal 
conductivity increases could 
result from optimizing CNT 
diameters and aspect ratios.

Sabareesh 
et al. [115]

Exp. R12/TiO2 Results showed that a 0.01 % 
volume fraction reduced 
compressor work by 11 % and 
increased heat transfer by 3.6 
%. The COP increased by 17 
% after adding nanoparticles 
to the lubricating oil.

Diao et al. 
[116]

Exp. R141b–SDBS/Cu Presence of Cu nanoparticles 
and SDBS surfactant 
significantly improved heat 
transfer performance.

Akhavan- 
Behabadi 
et al. [117]

Exp. R600a/oil/CuO Addition of CuO 
nanoparticles to the baseline 
mixture significantly 
enhanced heat transfer, with 
a maximum enhancement of 
83 % observed for the 
nanorefrigerant with a 1.5 % 
mass fraction.
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containment walls for tailings dams and mining sites in cold regions 
[40]. The design of the dam incorporated thermosyphons after signifi
cant thawing was observed, which contributed to the dam’s instability. 
In the case study of the Kubaka Gold Mine in the Russian Far East, 
thermosyphons were not initially utilized during the construction and 
early operation of the dam [126]. This oversight led to unexpected 
thawing and structural problems. It was only after monitoring the dam’s 
performance and noting excessive movement and seepage that the de
cision was made to retrofit the dam with thermosyphons. The findings 
from this implementation emphasize the importance of integrating 
thermosyphons into the initial design phase of infrastructure projects in 
cold regions. This adaptation was essential to prevent further degrada
tion of the dam’s integrity, reflecting a reactive approach to environ
mental management in cold-region mining operations. Hayley et al. 
[127] studied using thermosyphons at the EKATI Diamond Mine to 
maintain the structural integrity and functional stability of dams con
structed on permafrost. The finding demonstrated that this technology is 
essential for keeping the core and foundation of these dams below 
critical temperature thresholds, preventing thawing that could cause 
structural failures or loss of dam integrity. Additionally, the Diavik 
Diamond Mine incorporated thermosyphons in constructing mine dams 
and the Lac De Gras dikes to accelerate ground freezing [42,124].

In the Russian railway projects, particularly those traversing the 
permafrost regions of Yakutia, innovative technologies have been uti
lized to combat the challenges posed by the harsh climate conditions and 
the thaw-sensitive nature of the soil [128]. One significant technology 
implemented is the use of thermosyphons, which are integral to main
taining the structural integrity and operational stability of railway 
subgrades in these ice-rich permafrost areas [129]. The Tommot-Nizhny 
Bestyakh Railway section, situated between kilometer posts 692 and 
734, exemplifies the strategic placement of thermosyphons in conjunc
tion with insulation materials such as Penoplex boards [130]. These 
measures are critical for controlling the thermal regime beneath the 
railway embankments and preventing the degradation of permafrost 
beneath the tracks. The embankment designs have included specific 
configurations like vertical thermosyphons placed along the berms of 
low embankments and insulated snow sheds on the slopes, which help in 
mitigating the heat transfer from the embankment to the underlying 
permafrost. Monitoring studies [131], provide data that these technol
ogies effectively lower ground temperatures and stabilize the permafrost 
table beneath the railway infrastructure. This is crucial for ensuring the 
longevity and reliability of the railway operations in such extreme en
vironments, where thermal instability can lead to significant structural 

failures.
Thermosyphons also have been used to preserve the permafrost 

subgrade of the China-Russia Crude Oil Pipeline (CRCOP). A schematic 
representation of this application is shown in Fig. 2(f-g). Recent research 
on the CRCOP highlights the critical role of thermosyphons in mitigating 
thaw settlement issues in permafrost regions [132]. The CRCOP has 
experienced significant subsidence issues over the last decade due to the 
increasing temperature of the oil being transported, which causes the 
permafrost close to the pipeline to thaw. These challenges pose risks to 
pipeline integrity and stability due to the changing thermal regime of the 
surrounding permafrost. Extensive on-site monitoring around the 
CRCOP showed that the seasonal thawing depth (STD) is about 11 m in 
2022 [132]. Laboratory experiments complemented these findings by 
demonstrating how thermosyphons could erase the thaw bulb around 
the pipeline, leading to decreased STD. In another study, the combined 
experimental and numerical approaches demonstrated the efficacy of 
thermosyphons in stabilizing pipeline foundations in permafrost re
gions, offering valuable insights for future applications and layout 
optimization [133]. The study concluded that the most efficient per
formance was achieved with longer evaporator sections and shorter 
spacing between thermosyphons.

Further afield, in the Qinghai-Tibet Plateau, extensive use of ther
mosyphons in the Qinghai-Tibet Railway embankment over a 34-km 
stretch demonstrates their effectiveness in lowering ground tempera
tures and managing permafrost conditions [24]. The thermosyphons can 
be vertically inserted from the shoulder of the embankment into the 
underlying permafrost (Fig. 2(a), the left part of (a)) or installed from 
the embankment shoulder with a bend L-shaped inward to the soil 
beneath the center of the embankment (Fig. 2 (a), the right part of (a)). 
Installation of L-shaped thermosyphons is technically challenging and 
costly, a difficulty often overlooked in past literature, with most studies 
on L-shaped thermosyphons remaining conceptual or experimental. To 
enhance cooling, a crushed-rock revetment on the embankment shoul
der, along with other passive cooling techniques, can be employed to 
further improve the cooling efficiency of an embankment equipped with 
a TPCT. Another approach is to install a thermosyphon, with the evap
orator section horizontally positioned at the bottom (Fig. 2 (c)).

Field studies confirm their efficacy in stabilizing permafrost, with 
optimal spacing and orientation enhancing their performance 
[134–139]. Additionally, research by Guan-fu et al. [140] into the 
thermal characteristics of TPCTs under varying climatic conditions re
veals their potential and highlights regional effectiveness differences, 
underscoring the need for optimization to local climates and soil 

Fig. 2. Schematic diagram illustrating the application of TPCT for cooling in various infrastructure settings: (a) Roadway embankment, (b–c) building subgrade, 
(d–e) transmission tower piles, and (f–g) pipeline supporting pods.
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characteristics. These applications showcase thermosyphons’ broad 
utility and adaptability across a range of engineering challenges in cold 
climates.

Song et al. [141] conducted an extensive evaluation of TPCT used to 
cool embankments along the QTH, situated in permafrost regions. Uti
lizing eight years of monitoring data from 2004 to 2011, the research 
assessed the impact of thermosyphons on stabilizing permafrost and 
reducing thaw-related infrastructure damage. Findings revealed that 
embankments equipped with thermosyphons maintained lower ground 
temperatures and exhibited a more stable permafrost table compared to 
traditional embankment structures. Also, there are many similar studies 
that highlights the significant advantages of using thermosyphons for 
enhancing the durability and stability of infrastructure in 
permafrost-affected areas [58,142–155].

Traditional Two-Phase Closed Thermosyphons (TPCTs) are typically 
installed vertically into the shoulders or toes of embankments. To 
enhance the cooling performance at the embankment center, the evap
orator area of TPCTs can be angled, creating what is known as an L- 
shaped TPCT. Scientists have investigated the cooling efficacy of L- 
shaped TPCTs through both experimental and numerical simulation [58,
59,153,156,157]. Their studies indicate that this configuration signifi
cantly cools the permafrost beneath the embankment center, thereby 
improving its stability. However, longitudinal cracks often develop in 
highway embankments equipped with TPCTs [141,143].

Several studies have identified that these cracks are primarily caused 
by the lateral geotemperature difference induced during the cooling 
process by TPCTs [156,158]. The frost heave around embankments with 
TPCTs is significantly greater than those without, leading to secondary 
structural issues and reduced stability. Although measures such as 
ripped-rock revetments, shading boards, and temperature-controlled 
ventilation ducts can mitigate differential geotemperature distribution 
to some extent [159–161], their effectiveness diminishes over time due 
to factors such as snow or sand clogging the crushed-rock layers [162], 
environmental damage to shading boards [163], and heat transfer in
efficiencies in the soil between ventilation ducts during warm seasons 
[164].

To address these challenges, Pei et al. [147] studied a self-adapting 
horizontal thermosyphon method, which effectively balances asym
metric geotemperature distributions. However, the central section of the 
embankment tends to experience increased temperatures under high 
ambient conditions due to the inherent working characteristics of this 
system. The issue of permafrost stability in highways remains unre
solved, especially as expressway pavements are approximately twice as 
wide as standard highways, leading to a 60 % growth of the mean annual 
thermal flux at the embankment base [165].

Jin et al. [56] explored the use of Horizontal Thermosyphon 
(HTPCT) in permafrost areas, installing TPCTs centrally in the 
embankment and HTPCTs at the base on both sides. This setup poten
tially cools the underlying permafrost over a size of up to 35 m. In terms 
of construction, TPCT installation in permafrost regions requires drilling 
depths of 8 m or more, which is both costly and inefficient when com
bined with crushed rock. Conversely, HTPCT installation is more 
straightforward and economical, as the evaporator area can be laid 
horizontally on the soil layer post-roadbed foundation treatment, with 
an insulation board placed above for added efficiency. This method 
eliminates the need for additional reinforcement measures.

The increased horizontal cooling range of HTPCTs makes them ideal 
for linear infrastructure projects such as embankments, oil pipelines, 
and tunnels. Their use can significantly diminish the number of required 
TPCTs without compromising the cooling influence. Given the sub
stantial heat accumulation in expressways, construction of separate 
embankments for inflow and outflow lanes might be the optimal 
approach to mitigate this issue. However, this construction increases 
land use and alters air motion and underground hydrological processes 
close to the embankment, potentially destabilizing the structure and 
affecting the efficiency of engineering measures.

Table 5 provides a summary of the studies conducted in this field. 
Detailed descriptions of these researches are presented in the following 
parts.

3.2. Experiment studies

The study of thermosyphons in permafrost regions has yielded a 
wealth of knowledge. Various experiments have demonstrated their 
effectiveness in maintaining soil stability and preventing thaw-induced 
damage. This section summarizes key experimental studies, illus
trating the innovative use of thermosyphons across different settings and 
their significant contributions to infrastructure stability.

In Western Siberia, Bayasan et al. [167] introduced innovative 
two-phase heat pipes having enlarged heat-exchange surfaces to 
improve the heat stability of permafrost soils beneath buildings and 
structures. These thermostabilizers with improved productivity (TIP) 
featured extra fins on condensers and dual plating on evaporators, 
outperforming traditional heat pipes like the TMD-5 model. TIP models 
with an equivalent diameter of 160 mm achieve a frozen soil radius of 
1.56 m in Pangody and 1.44 m in Surgut. Focusing on infrastructure in 
China, Chen et al. [168] and Zhang et al. [142] evaluated thermosyphon 
technology along the Chaidaer-Muli Railway. Chen’s team installed 
thermosyphons over a 20 km stretch, resulting in a more stable roadbed 
structure. Zhang’s in-situ tests further validated the cooling effects of 
TPCTs, demonstrating their ability to stabilize the permafrost table and 
enhance soil stability in both warmer and ice-rich regions. Wu et al. 
[143] assessed the thermal performance of TPCT embankments along 
the QTH using experimental data collected from 2004 to 2012. The 
study site, located on the Chu Kumar River Plain, features ice-rich 
permafrost and an average elevation exceeding 4400 m. Their findings 
revealed that the TPCTs transferred between 47.6 W and 63.5 W 
instantaneously, with peak performance observed during cold time 
owing to the greater temperature drop between the air and the ground. 
The TPCT’s cooling effect exhibited dynamic changes over the years, 
with higher energy transfer rates initially, followed by a gradual 
stabilization.

In 1982, Bethel Airport in Alaska completed the first installation of 
thermosyphons on a runway [169]. A total of 31 thermosyphons were 
placed on the east shoulder of the runway [170]. On the west shoulder, 
the evaporator sections of the thermosyphons extended almost hori
zontally, with a slope of 15:1 beneath the runway. Researchers analyzed 
the performance of the thermosyphons by examining the soil tempera
tures around the units [166]. The operational thermosyphons at Bethel 
Airport significantly reduced the temperature of the subbase, which 
strengthened and stabilized that section of the runway. This was one of 
the first successful installations on an embankment with thermosyphon 
units that were almost horizontal. Enhancements and advancements in 
thermosyphon installations for embankments are a focus of continuous 
research. Lai et al. [58] investigated the innovative use of L-shaped 
thermosyphons and crushed-rock revetments and insulation to stabilize 
embankments in permafrost regions. Their laboratory tests simulated 
real-world embankment conditions, constructing a scaled embankment 
with specific configurations of L-shaped thermosyphons in a controlled 
environment to replicate permafrost conditions. The results were 
compelling: the L-shaped thermosyphons significantly enhanced cooling 
effectiveness deep within the embankment compared to traditional 
methods. This configuration demonstrated a remarkable ability to keep 
heat stability and prevent thaw settlement of the underlying permafrost, 
showcasing its potential for broader application in cold region 
infrastructure.

Building on the exploration of thermosyphon applications, Guo et al. 
[144] delved into the challenges of frost jacking in pile foundations 
caused by closed thermosyphons in seasonally frozen or thawed 
permafrost regions. Focusing on a tower foundation along the 
Qinghai-Tibet power transmission line, they observed that while TPCTs 
effectively cool foundation soil and enhance structural stability, they 
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Table 5 
Summary of studies on TPCT Technique and their findings.

Ref. Study 
Location

Applications Method Findings

[127] EKATI 
Diamond 
Mine

Thermosyphons Exp. Thermosyphons can 
keep the dams’ core 
and foundation below 
critical temperatures 
to prevent thawing 
and structural failure.

[126] Kubaka 
Gold Mine

Thermosyphons Exp. The results of this 
implementation 
highlight the 
importance of 
incorporating 
thermosyphons into 
the initial design 
phase of infrastructure 
projects in cold 
regions.

[132] CRCOP Pipeline Exp. Thermosyphons 
mitigated thaw 
settlement problems 
in permafrost regions 
of the CRCOP.

[133] CRCOP Stabilizing pipeline 
foundation

Num. Permafrost along the 
CRCOP can be 
thermally stabilized 
with thermosyphons.

[141] QTH Embankment Exp. TPCTs maintain lower 
ground temperatures 
and stable permafrost 
table compared to 
traditional methods.

[142] Chaidaer- 
Muli 
Railway

Embankment Exp. TPCTs-inserted 
embankments 
effectively cooled 
permafrost and raised 
the permafrost table in 
marshy regions.

[143] QTH Embankment Exp. TPCTs embankment 
transferred 
1500–2000 MJ of 
energy annually, with 
peak performance 
during cold seasons.

[58] Laboratory L-shaped 
thermosyphon, 
insulation and 
crushed-rock 
revetment

Exp. Compared traditional 
methods, significantly 
enhanced the cooling 
effectiveness deep 
within the 
embankment.

[144] QTP Cool foundation Exp. Frost jacking observed 
due to TPCTs, 
increased tangential 
frost heaving force.

[145] Laboratory Embankment Exp. Vapor compression 
refrigeration system 
(VCRS) effectively 
cooled soil below 0 ◦C 
with a COP of 0.41.

[146] Beiluhe 
Station

Semiconductor 
refrigeration device

Exp. TPCT with 
Semiconductor 
improved cooling 
effect, especially 
during warmer 
months.

[147] Fairbanks Roadway 
embankments

Exp. HTPCT reduced 
temperature 
discrepancies in 
embankments by up to 
86 %.

[148] QTP Four combinations of 
embankment models

Exp. Combination of L- 
shaped TPCT, 
insulation, and 
crushed-rock  

Table 5 (continued )

Ref. Study 
Location 

Applications Method Findings

revetment was most 
effective.

[149] QTH Embankment Exp. Improved permafrost 
layer stability; 
effectiveness varied 
with positioning and 
characteristics

[150] Beiluhe 
Station

Can be adapted for 
cooling 
embankments, 
airstrip bases, pipe 
foundations, and 
other structures

Exp. Wind-driven 
thermosyphon device 
lowered permafrost 
temperatures by 
0.6–1.0 ◦C, extending 
cooling impact up to 
1.5 m from its 
placement.

[151] CRCOP Ventilation duct Exp. U-shaped air U-shaped 
air ventilation duct 
(U-AVD) effectively 
mitigated permafrost 
thaw around the 
pipeline, reducing 
thaw settlement and 
removing thaw bulb 
during the cold 
season.

[152] QTP Tower foundations Exp. TPCT with vegetation 
reduced temperature 
fluctuations of 
foundation soil, 
enhanced cooling 
effect, and provided 
an environmentally 
friendly, cost-effective 
insulation material.

[8] Not 
specified

Buried pipeline Num. Thermosyphons 
significantly reduce 
frost heave and thaw 
settlement by 62 % 
and 82 %, 
respectively.

[9] Northeast 
China

Railway 
embankment

Num. Reduced freezing 
depth significantly 
compared to normal 
embankments. After 
ten years, maximum 
freezing depth was 
0.54 m with TPCTs vs. 
2.01 m for standard 
embankments.

[124] Giant Mine, 
Canada

Ground freezing 
applications

Num. Effective in 
maintaining 
permafrost and 
preventing thawing; 
optimized with active 
refrigeration system.

[153] China Embankment with 
combined LTPCT, 
crushed-rock 
revetment and 
insulation

Num. L-shaped TPCT 
effective in permafrost 
regions; enhances 
cooling performance 
when combined with 
crushed-rock 
revetment and 
insulation.

[154] QTR Embankment in 
Sandy Permafrost 
Zone

Num. TPCTs cool down 
embankment 
subbases, reducing 
ground temperature 
by more than 1 ◦C 
within five years.

[155] Northeast 
China

Controlling the soil 
freezing expansion

Num. Their findings 
contributed to 
understanding the 
engineering 
applications of 

(continued on next page)
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can inadvertently induce soil frost heaving. This paradoxical effect, 
known as frost jacking, results from increased tangential frost heaving 
force and decreased anti-jacking force, causing the piles to move up
ward. The study highlighted that artesian groundwater exacerbates this 
issue by increasing moisture migration. Field observations and compu
tational analysis revealed that the cooling effect of TPCTs around pile 
foundations significantly heightens the risk of frost jacking, particularly 
in areas with shallow groundwater. Over a seven-year period, consid
erable upward movement and differential deformations were observed, 
leading to potential structural instability. This underscores the need for 
careful evaluation and maintenance of TPCTs in permafrost regions to 
prevent such detrimental effects.

Despite the effectiveness of passive thermal barriers and traditional 
thermosyphons for cooling permafrost, these methods have limitations 
due to temperature differences and environmental conditions. To 
overcome these challenges, Hu et al. [145] developed an active refrig
eration system using vapor compression technology. They designed a 
novel vapor compression refrigeration system (VCRS) prototype 
featuring a coiled evaporator and a piston-type compressor, which was 
tested in a controlled model environment. The VCRS proved capable of 
cooling soil below 0 ◦C, maintaining a refrigerating temperature of 
− 14 ◦C even when ambient temperatures were positive. This consistent 
cooling effect extended several meters into the soil, preventing perma
frost degradation despite seasonal temperature fluctuations. With an 
effective coefficient of performance (COP) of around 0.41, the VCRS 
offers a reliable solution for stabilizing embankments in permafrost re
gions, maintaining cooling through warm seasons, and mitigating 
infrastructure impacts due to climate change.

Also, in an effort to address the limitations of traditional vertical 
thermosyphons, Jin et al. [56] studied a thermosyphon having a hori
zontally placed evaporator area (HTPCT). This design maintains effi
cient fluid circulation and heat transfer due to its internal features, such 
as wicks and return lines. The HTPCT technology specifically targets 
differential frost heave caused by lateral temperature differences in 
traditional systems. Field experiments showed that the HTPCT could 
lower soil temperatures under embankments by up to 1.61 ◦C more than 
control sites without cooling, especially during colder periods when its 
performance was optimal. This more uniform and effective temperature 
control reduces the risk of embankment cracking and instability, 
proving superior to traditional cooling systems in managing tempera
ture distributions across embankments. Building on these innovations, 
Pei et al. [147] conducted a field experiment in Fairbanks, Alaska, to 
address significant temperature variations along embankment slopes 
throughout the year. Observing these fluctuations, the team replicated 
the conditions in a comprehensive laboratory setup to evaluate the ef
ficacy of HTPCT. The experimental setup included a detailed monitoring 

system to track temperature fluctuations, heat flow, and embankment 
deformations. The results were impressive: using HTPCT in conjunction 
with traditional insulation methods reduced temperature discrepancies 
by up to 86 % compared to setups without HTPCT, demonstrating its 
significant impact on stabilizing embankment temperatures.

The integration of semiconductor refrigeration devices into a TPCT 
creates a structure that is simpler, smaller, and operates over a wider 
temperature range than traditional systems. This innovative approach, 
explored by Liu et al. [146], was subjected to a comprehensive two-year 
field test, revealing significant improvements in the cooling effect of the 
TPCT system. The hybrid system achieved notably lower evaporator 
temperatures compared to a standard TPCT, resulting in a substantial 
reduction in ground temperature around the installation. This effect was 
particularly pronounced during the warmer months, from June to 
October, when the device’s operational peaks occur. The research un
derscores the hybrid TPCT system’s superior heat transfer capabilities, 
making it more effective than both vapor compression and adsorption 
refrigeration systems during the warm time.

Extending the investigation of TPCT configurations, Yan et al. [148] 
performed a set of physical experiments on the QTP. They tested four 
configurations: inclined TPCT with insulation, inclined TPCT with 
insulation and crushed rock revetment, L-shaped TPCT with insulation, 
and L-shaped TPCT with insulation and crushed rock revetment. After 
seven freeze-thaw cycles, the combination of L-shaped TPCT, insulation, 
and crushed-rock revetment emerged as the most optimal in maintaining 
the heat stability of wide-paved embankments. This comprehensive 
testing demonstrated the robust performance of this configuration in 
preserving permafrost integrity under varying climatic conditions.

The application of thermosyphons to mitigate permafrost-related 
damage along the QTH was the focus of Qi et al. [149]. Utilizing 
ground-penetrating radar to analyze the embankment and permafrost 
conditions, they found that thermosyphons significantly improved 
permafrost layer stability compared to areas without such installations. 
However, the effectiveness of thermosyphons varied based on several 
factors, including their positioning and the specific characteristics of the 
permafrost beneath the embankment. This study highlights the nuanced 
application of thermosyphons and the importance of site-specific con
siderations in maximizing their efficacy.

To maintain the structural stability of permafrost subgrades, crucial 
for infrastructure in polar and high-altitude regions, Qin et al. [150] 
developed an innovative wind-driven device. This device integrates a 
windmill, a mechanical clutch having phase change medium, and a 
fluid-circulation heat exchanger, operating by reacting to ambient 
temperatures: it activates to cool when temperatures drop and shuts off 
to prevent heat absorption when temperatures rise. Over two years of 
field testing at the Beiluhe Permafrost Station on the Qinghai-Tibet 
Plateau (QTP), the device proved effective, lowering permafrost tem
peratures by 0.6–1.0 ◦C and consistently extending its cooling impact up 
to a radius of 1.5 m from its placement. The study underscores the de
vice’s versatility, suggesting its potential applications across various 
types of infrastructure, such as embankments, airstrip bases, and pipe
line foundations. Its customizable design allows for adjustments in size 
and configuration to suit diverse permafrost conditions, making it a 
flexible solution for maintaining stability in cold regions.

Addressing the challenges of rapid permafrost thaw under the China- 
Russia Crude Oil Pipeline (CRCOP), Cao et al. [151] introduced a novel 
technique using a U-shaped air ventilation duct (U-AVD) to mitigate 
thaw settlement. Employing a comprehensive field monitoring system to 
gather real-time data on pipeline-permafrost interactions and an indoor 
model testing platform to evaluate the U-AVD’s cooling performance, 
the study demonstrated the technique’s effectiveness. The U-AVD le
verages natural cold energy to cool the permafrost during winter. Indoor 
tests simulating real-world conditions showed that the U-AVD effec
tively mitigated permafrost thaw around the pipeline, reducing thaw 
settlement and eliminating the thaw bulb during the cold season. This 
innovative approach provides a practical solution for managing 

Table 5 (continued )

Ref. Study 
Location 

Applications Method Findings

thermosyphons in cold 
regions.

[105] Not 
specified

Anodized TPCT Num. Anodized aluminum 
thermosyphons 
revealed significant 
improvements in heat 
transfer efficiency, 
particularly when 
positioned at specific 
angles

[166] Bethel 
Airport, 
Alaska

Embankment with 
thermosyphon

Exp. The Battle Airport’s 
thermosyphons have 
considerably lowered 
subgrade 
temperatures, 
strengthening and 
stabilizing the test 
area’s runway.
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permafrost stability in areas affected by infrastructure-related heat.
In another innovative approach, Guo and Zhang [152] explored the 

use of thermosyphons combined with vegetation cover to improve the 
stability of transmission tower foundations in permafrost areas on the 
QTP. Vegetation helps reduce temperature fluctuations at the ground 
surface, creating a more stable thermal environment for the foundation 
soils. This additional layer of insulation lowers the average annual 
ground surface temperature, thereby enhancing the cooling effect of the 
thermosyphons. Compared to synthetic materials like insulation boards, 
using vegetation as an insulating material is more environmentally 
friendly. Additionally, vegetation cover can be a cost-effective alterna
tive to traditional insulating materials, potentially reducing overall 
construction and maintenance costs while providing effective thermal 
regulation and restoring and beautifying the landscape. This study 
highlights the dual benefits of using natural materials in conjunction 
with thermosyphons: environmental sustainability and improved ther
mal management.

3.3. Numerical simulations

Numerical simulation helps understanding and optimizing the per
formance of thermosyphons in cold regions. These simulations allow 
researchers to predict the thermal nature of thermosyphon structures 
under various environmental conditions and configurations, providing 
insights that guide their practical application in infrastructure projects.

For effective TPCT operation, the section exposed to the atmosphere 
must be cooled below the fluid’s temperature at the base of the TPCT. As 
vapor condenses within the cooler zone, it releases heat and conse
quently induces a reduction in pressure within the vessel. This pressure 
decrement initiates boiling in the liquid pool, resulting in evaporation. 
By the action of gravity, the condensed liquid is channeled from the 
upper to the bottom end of the TPCT. If this liquid encounters a segment 
of the vessel surface at a higher temperature during its descent, it re- 
evaporates. The cycle recommences when the temperature at the 
TPCT’s upper end is some degrees exceeding that at the bottom [154]. 
This mathematical model draws upon the established principles of 
TPCTs as detailed by Zhuang and Zhang [28], and Pan and Wu [155], in 
conjunction with An et al.’s [171] theoretical framework for thermal 
conduction with phase change in soils. The forthcoming section presents 
an integrated thermal energy transport model, encapsulating the inter
play between air, the TPCT, and soil within the structural confines of a 
TPCT embankment. Fig. 3 unveils the TPCT’s thermal resistance 
network, systematically identifying the thermal resistances labeled R1 
through R6. Based on the working approach of TPCT and on the theory of 
thermal conduction with phase change for soils, a coupled thermal en
ergy transport model of air-TPCT-soil for TPCT embankment is in the 
following [172].

3.3.1. Thermal model for TPCT
Numerical studies, such as Zhang et al. [172,173], approached the 

heat transfer in TPCTs by dividing them into three groups: evaporator, 
adiabatic, and condenser. The total heat resistance for thermal energy 
transport from the air above the ground to the soils surrounding the 
evaporator area includes the sum of the heat resistances in the condenser 
area, the adiabatic area, and the evaporator area (Fig. 3). In the 
condenser area, the thermal flux encounters three thermal resistances: 
R1, which represents the heat resistance between the air and the TPCT’s 
finned outer surface; R2, which characterizes the heat resistance of the 
condenser section’s tube surface, and R3, which denotes the heat resis
tance due to the liquid film within the condenser section. In the adia
batic zone, the heat flux needs to overcome R4, the heat resistance of the 
adiabatic zone. R4 is a step function that describes the thermal resistance 
depending on the TPCT’s operational status. During active phases, when 
vapor ascends and liquid descends through the adiabatic zone, the heat 
resistance is significantly reduced. In contrast, when the TPCT is idle and 
the vapor remains static, the thermal resistance becomes effectively 

infinite. This step function highlights the conditional nature of the 
adiabatic section’s thermal resistance based on the TPCT’s operational 
state [172]. In the evaporator zone, the thermal flux must overcome the 
aggregate thermal resistance R5, which includes the liquid film and the 
liquid pool components, and the thermal resistance R6 across the TPCT 
wall. A schematic representation of these thermal resistances can be 
found in Fig. 3, and detailed calculations of these thermal resistances are 
available in Ref. [172].

Summarizing the analysis above, the overall heat resistance of the 
TPCT is defined as: 
∑

Ri =R1 + R2 + R3 + R4 + R5 + R6 (1) 

The entire heat flux, Q (W), traversing through the TPCT, is deter
mined by the cumulative temperature differentials over the individual 
resistances, formalized by: 

Q=
Ta − Ts
∑

Ri
(2) 

In this context, Ta denotes the average air temperature outside the heat 
pipe condenser, while Ts indicates the average soil temperature sur
rounding the heat pipe evaporator. Furthermore, based on the compu
tational analysis that was conducted by Wang et al. [140], the 
conceptual thermal energy transport model for the TPCTs can be 
described with the following relation: 
{

Q(F, α,ΔT, t) = α × F × ΔT(t) × η ΔT > 0.8
Q(F, α,ΔT, t) = 0 ΔT ≤ 0.8 (3) 

Here, F is the thermal exchange area (m2), ΔT is the temperature drop 
between the air and the soil around the evaporator zone (Ta − Ts), the 
critical value is usually kept to be 0.8 [174–176]. η is the thermal energy 
dissipation efficacy of the fins [177]. α (W/(m2⋅◦C)) is the convective 
thermal energy transport parameter between the condenser section and 
the air and expressed as follows: 

Fig. 3. Thermal Resistance Model of a TPCT, inspired by Ref. [172]. Note: 
overall heat resistance R=R1+R2+R3+R4+R5+R6.
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α=
Nuaλa

d0
(4) 

where Nua is the fluid Nusselt number, λa is the air heat conductivity, and 
d0 is the outside diameter of the TPCT. The thermal flux density for the 
evaporator zone is defined as: 

q=
Q

πd0l
=

α × F × ΔT(t) × η
πd0l

(5) 

where l is the size of the evaporation zone (in meters). It is hard to find 
this length, and previous simulations have not taken note of it. If l is the 
length from the bottom of the fluid pool to its upper level in the hiber
nate state, deviation occurs. Where the fluid boils and bubbles generate 
in the working medium, the upper level of the medium rises and the 
degree of rise depends on the boiling intensity. As a result, there needs to 
be a critical review of this length. Furthermore, the non-uniform tem
perature distribution within the evaporator section complicates the 
determination of a representative temperature for thermal modeling. 
Typically, the lowest temperatures occur at the liquid surface at the top 
of the evaporator, where the evaporation cools it the most. Conversely, 
the bottom of the evaporator, closer to the heat source, experiences 
higher temperatures due to vigorous convective heat transfer driven by 
the boiling process. This gradient poses significant challenges in accu
rately modeling the thermal dynamics of thermosyphons and affects the 
overall efficiency and design considerations. This detail has not been 
thoroughly explored in existing literature, particularly in how it impacts 
the performance and operational efficiency of thermosyphons. Future 
studies are essential to address this issue, with a focus on empirical and 
simulation-based investigations to better understand and characterize 
the temperature profiles within the evaporator sections. Such research 
will provide critical insights necessary for optimizing thermosyphon 
design and improving predictive models for their operation under varied 
thermal loads and environmental conditions.

3.3.2. Thermal model for soil layers
The effectiveness of thermosyphons in permafrost embankments 

within snowy environments was investigated numerically by Lu et al. 
[178]. Simulations were conducted for two scenarios: Case 1, which 
modeled a snow-covered embankment in winter, including slopes and 
shoulders, and Case 2, which incorporated thermosyphons angled at 70◦

to the embankment’s toe. When modelling the temperature field of 
embankments in permafrost areas, the apparent thermal capacity tech
nique is employed. This method excludes heat convection and other 
thermal phenomena, concentrating exclusively on thermal conduction 
and the phase change between ice and water. Consequently, this allows 
for a precise representation of the soil temperature field. Additionally, 
unfrozen water is treated as a temperature-dependent variable in this 
model. Therefore, the primary determinant of soil temperature varia
tions over time is the thermal conduction equation, which is defined as 
[140,179,180]: 

ρCs
∂T
∂t

=
∂

∂x

(

λx
∂T
∂x

)

+
∂
∂y

(

λy
∂T
∂y

)

+
∂
∂z

(

λz
∂T
∂z

)

(6) 

where ρ is density of soil (kg/m³), and T represents the temperature in 
degrees Celsius (◦C) and is a scalar quantity; However, the temperature 
gradient (denoted as ∂T

∂x) is a vector field. While t denotes time (s); Cs is 
specific capacity (J/(kg⋅◦C)) and λ represents the thermal conductivity 
measured in watts per meter per degree Celsius (W/(m⋅◦C)) of the soil. 
Because changes in soil temperature around 0 ◦C lead to the phase 
transition between ice and water, which significantly affects soil tem
perature, this phase transition process must be taken into account in the 
calculations. In numerical simulations, it is assumed that the phase 
transition occurs only within a specific temperature range. This process 
can be represented by variations in soil specific heat and thermal con
ductivity [60]. Researchers have defined the equivalent heat capacity, 

Cs(T), and equivalent thermal conductivity, λ(T), in Equation (6) based 
on the sensible heat capacity method [171,181]. These are expressed in 
accordance with the temperature range and the corresponding 
freezing-thawing state, as [182]: 

Cs(T)=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Cf T < Tm − ΔT

Cu + Cf

2
+

L
2ΔT

Tm − ΔT ≤ T ≤ Tm + ΔT

Cu T > Tm + ΔT

(7) 

λ(T)=

⎧
⎨

⎩

λf T < Tm − ΔT
λf +

(
λu − λf

)[(
T − (Tm − ΔT)]

/
2ΔT Tm − ΔT ≤ T ≤ Tm + ΔT

λu T > Tm + ΔT
(8) 

Here, Cf and Cu denote the specific heat capacities (J/(kg⋅◦C)) of frozen 
and unfrozen soil, respectively. Similarly, λf and λu represent the heat 
conductivities in frozen and unfrozen conditions(W/(m⋅◦C)), respec
tively. Tm is the temperature on the freeze-thaw interface.

In order to calculate the latent thermal energy arising from the phase 
change between ice and water within soil pores, the following expres
sion can be used instead of Eq. (6) [140,183]: 

ρCs(T)
∂T
∂t

=
∂

∂x

(

λ(T)
∂T
∂x

)

+
∂
∂y

(

λ(T)
∂T
∂y

)

+
∂
∂z

(

λ(T)
∂T
∂z

)

+ Lρi
∂θi

∂t
(9) 

where ρi is refers to density of ice, L represents the latent thermal energy 
involved in the ice phase change which equals 335 kJ/kg [183], and θ 
and θi indicate the volumetric moisture and ice contents, respectively. 
Tai et al. [184] estimate ice’s latent heat term as follows: 

Lρi
∂θi

∂t
= Lρi

∂(βiθu)

∂t
≈ Lρi

∂βi

∂t
[(θs − θr)Sr + θr] (10) 

where θu, θs, and θr, represent the volumetric unfrozen moisture content, 
saturated moisture content, and residual moisture content of the soil, 
respectively. Sr denotes the relative degree of saturation of frozen soil. βi 
is defined as the ratio of ice content to unfrozen moisture content in 
volume terms [183]: 

βi =
θi

θu
(11) 

The interaction involving the thermal energy transport between the 
TPCT and the soil manifests through a thermal balance equation, which 
is formalized as follows [185]: 

Ta − Ts

πdol
∑

Ri
= − λs

∂T
∂n

(12) 

where l represents length of evaporation section; ∂T
∂n stands for temper

ature gradient in the direction normal (perpendicular) to the outer skin 
of the thermosyphon.

3.3.3. Boundary conditions
The thermodynamic approach for TPCT embankments, character

ized by its high nonlinearity, necessitates solutions using numerical 
methods. Details on the solution procedure and the computational 
techniques of the coupled thermodynamic approach are available in 
Ref. [186]. Simulating the heat performance of the thermosyphon re
quires defining the boundary in the computation domain. At a soil 
profile far away from the thermosyphon, where the border is set as 
adiabatic. At the border of the computation domain, which is usually 
10–20m lower the natural ground, the natural ground temperature 
gradient of 0.03 

◦

C/m is usually specified. Usually, at the natural ground 
or the embankment surface of the side slope surface, a sinusoidal tem
perature boundary is considered as follows: 

T=A sin(wth +B) + C (13) 
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In which A is the amplitude, B is the phase, and C is the annual mean 
surface temperature. There are many studies that arbitrarily specify 
these parameters [187]. C and A values for various borders are listed in 
Table 6.

It is interpretable that this sinusoidal temperature wave can be 
specified for the natural ground and the side slope or the embankment 
because such specification reduces the computational time. However, 
this problem is that if T = A sin(wth +B) + C is specified for the air, the 
thermosyphon would keep working for an entire day during the winter 
time and keep idling on an entire day in summer time. This is not true 
because even in winter, the thermosyphon works intermittently because 
the air temperature rises during the daytime, especially around solar 
noon. This rise in air temperature at noon time makes the thermosyphon 
hibernate. In summer time, the thermosyphon can occasionally work at 
midnight and idle at noon. Therefore, the thermosyphon always shifts 
from working to idling repeating. This cannot be captured in the current 
simulations. Intuitively, such intermittent heat transfer can more 
effectively drain the heat of the soils. If this is true, the cooling efficiency 
of the thermosyphon may be underestimated in the current numerical 
model.

The four lateral surfaces are treated as adiabatic. Additionally, the 
wind velocity at a height H meters above the ground surface can be 
modeled as follows [190]: 

vH = v10

(
H
10

)0.16

(14) 

where v10 is the wind velocity at 10 m over the ground. Long-term 
meteorological data provides the following formulation for v10 [190]: 

v10 =3.64 + 1.10 sin
(

2π
8760

th +
3
2

π +αv0

)

(15) 

3.3.4. Freezing and thawing indexes
In regions characterized by permafrost, the environmental condi

tions, specifically the freezing and thawing cycles, significantly impact 
the operational efficiency of TPCTs [191]. To understand and predict 
these effects, it is essential to consider the freezing and thawing indexes, 
which provide a quantitative measure of the climatic conditions relevant 
to TPCT applications [140]. The Freezing Index is a cumulative measure 
of all daily mean temperatures below 0 ◦C during the designated 
freezing period of a year [192]. Mathematically, it is expressed as [193]: 

FI=
∑NF

i=1

⃒
⃒Ta i

⃒
⃒,Ta i < 0 (16) 

where Ta i represents the daily mean temperature of the air, and NF is 
the number of days with temperatures below freezing.

Conversely, the Thawing Index sums all daily mean temperatures 
above 0 ◦C during the thawing period [193]: 

TI=
∑NT

i=1

⃒
⃒Ta i

⃒
⃒,Ta i > 0 (17) 

where NT is the number of days with temperatures above zero. These 
indices are pivotal for assessing the thermal dynamics in permafrost 
areas, impacting the design and function of TPCTs. Frost Number pro
vides a dimensionless measure that incorporates both the freezing and 
thawing Indices to assess freeze-thaw conditions [140]: 

FN=
FI
TI

(18) 

This formula offers a more nuanced view of the thermal dynamics 
within permafrost regions by emphasizing the relative intensities of 
freezing and thawing processes [194]. A Frost Number greater than 1 
indicates that the freezing capacity of the climate exceeds the thawing 
capacity, leading to potential soil freezing trends. Conversely, a Frost 
Number less than 1 suggests a greater thawing capacity, possibly indi
cating rapid permafrost degradation. An FN equal to 1 signifies an 
equilibrium state where freezing capacity matches thawing capacity, 
often leading to unstable soil conditions. TPCTs need to be adapted and 
designed considering these Frost Number variations to ensure they are 
effective in their specific deployment environments. Adjustments in 
design might include changes in the working fluid, adjustments in sys
tem dimensions, or alterations in installation patterns to optimize their 
performance according to local climatic conditions.

3.3.5. Simulation cases
Wen et al. [134] conducted a comprehensive investigation into four 

embankment configurations at altitudes exceeding 4000 m: a common 
embankment, an embankment having insulation, an embankment with 
thermosyphons, and one with both insulation and thermosyphons. Uti
lizing 3D computational approach, the study simulated the heat 
behavior of these configurations over 50 years. The boundary conditions 
in their model considered a variety of factors including the initial tem
perature patterns received through long-term transient solutions, the 
physical parameters of the soil, and a projected rise of air temperature of 
2.0 ◦C over the next 50 years. The ground surface temperature was 
adjusted for radiation effects, making it 2.5 ◦C higher than the annual 
average air temperature, and specific heat flux values were assigned to 
the boundaries. The findings revealed that combining insulation with 
thermosyphons is the most effective strategy for protecting permafrost, 
ensuring long-term stability and thermal control in warming climates.

Li et al. [180] studied a sophisticated thermodynamic approach 
formed on conservation principles to analyze the seismic responses of 
embankments over different seasons following a decade of operational 
analysis. Their simulations assessed the embankments’ responses to 
seismic activity across four distinct seasons, using the variability in 
seasonal heat regimes and their influence on the mechanical behaviour 
of the embankments. TPCT embankments demonstrate diverse thermal 
performances depending on the season. Given that soil exhibits strong 

Table 6 
Temperature boundary characteristics for various surfaces.

Surface type Location Ref. C (
◦C) A (

◦C)

Ambient air QTR [134] − 3.5 14
QTP [172,188] − 3.5 11.5
QTR [173] − 4 11.5
Highways [148] − 3.69 –
West China [153] − 4 11.5
QTP [154] − 5.5 12
QTP [180] − 3.82 11.5
Mohe [178] − 4.37 23.42

Natural ground surface QTR [134] − 1 10
QTP [172,186] − 0.5 12
QTR [173] − 1.5 12
Highways [148] − 1.88 –
QTP [60] − 1 11.5
QTP [154] − 1 12
QTP [180] − 1.32 12
Mohe [178] 0.03 15.99
West China [153] − 1.5 12
Changchun [9,189] 2.5 19.9

Soil slope QTR [134] 0.5 12
QTP [186] 0.7 13
Highways [148] 0.94 –
QTP [60] 0.3 12
QTP [180] − 2.26 15.5
Mohe [178] 1.9 17.56
West China [153] 0.7 13

Not specified Changchun [9,189] 3.5 21.9
Asphalt pavement QTR [134] 0.5 14

QTR [186] 1.5 15
Highways [148] 3.23 –
QTP [60] 5.3 15.6
QTP [180] 2.88 15
Mohe [178] 1.39 24.88
West China [153] 2.5 15
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nonlinearity and the thermomechanical behaviour of frozen soil is 
temperature-dependent, the dynamic model was formulated using in
cremental equations. This model adheres to models of mechanical 
equilibrium, continuous deformation, mass conservation, and the 
stress-strain relationship [186,195].

Tian et al. [183] conducted a study involving the continuous moni
toring of two highway embankment sections over three years: a con
ventional embankment and an embankment with thermosyphons 
mounted on the sunny slope surface. They recorded ground temperature 
and settlement at various depths. Additionally, a coupled 
hydro-thermal-mechanical approach was employed to simulate and 
predict the performance of different thermosyphon configurations over 
a 30-year period under climate warming scenarios. The model simula
tions indicated that installing thermosyphons on both surfaces of the 
embankment provides the most effective performance. Their numerical 
setup included a thaw settlement model, where the overall settlement of 
the permafrost was comprised of settlement owing to phase transition 
and consolidation under self-weight and external load. The thaw set
tlement was estimated using the following formula: 

S=A0h0 + α0hP (19) 

where A0 is the permafrost thaw settlement parameter, h0 is the 
permafrost thickness, α0 is the compressibility parameter of thawed 
permafrost, h is the thawed ground thickness, and P is the overburden 
pressure.

Using the finite element software ABAQUS, Park et al. [8] delved into 
the role of thermosyphons in reducing frost heave and thaw settlement 
in pipelines buried in frost-sensitive soils. The soil, modeled as 
frost-susceptible and prone to volume changes from freezing and 
thawing, had its mechanical and thermal properties calibrated with 
experimental data. The pipeline, represented as an elastic structure 
within the frost-susceptible soil, showcased the interaction between the 
soil and pipeline. Remarkably, the study revealed that thermosyphon 
arrangement could reduce frost heave and thaw settlement by up to 62 
% and 82 % respectively, compared to scenarios without thermosy
phons. Chen et al. [154] advanced the understanding by creating a 
comprehensive numerical model to simulate heat exchange among 
thermosyphon, air, and soil layers. This model included air convection 
through a crushed-rock interlayer, heat conduction with phase changes, 
and the coupled air-TPCT-soil system. The outcomes were striking that 
TPCTs effectively cooled embankment subbases and subgrades, 
reducing ground temperature by over 1 ◦C within five years. The timing 
of TPCT installation played a crucial role; installations in the 10th year 
of operation notably mitigated warming and sand accumulation effects, 
while installations in the 30th year offered a more limited cooling range, 
underscoring the importance of early intervention.

Gao et al. [9] focused on the heat impacts of heating two-phase 
closed thermosyphons on high-speed railway embankments in season
ally frozen areas. Their innovative approach combined solar and electric 
heating to warm subgrade layers beneath a concrete track plate. 3D 
thermal energy transport approach simulated the thermal characteris
tics of embankments with TPCTs over a decade, incorporating heat and 
mass transfer principles. TPCTs automatically switched to electric 
heating when temperatures fell below freezing. The study showed a 
dramatic reduction in freezing depth with TPCTs; after ten years, the 
maximum freezing depth beneath the track plate was 0.54 m, compared 
to 2.01 m in a standard embankment.

Pei et al. [153,196] constructed an intricate three-dimensional heat 
transfer model to simulate convective, conductive, and phase-change 
heat transfer mechanisms. This model integrated L-shaped TPCTs 
within an embankment topped with heat-absorbing asphalt pavement, 
typical of high-grade highways in permafrost regions. The model 
considered the heat resistance of various TPCT sections and their 
interaction with surrounding soil. Additional cooling measures included 
crushed-rock revetment and an insulation layer. The simulations 

evaluated crucial metrics like permafrost thaw depth, temperature dis
tribution, and overall thermal stability. Findings revealed that the 
optimal arrangement combined LTPCTs with crushed-rock revetment 
and insulation, effectively cooling the permafrost, particularly in the 
initial years post-construction. This setup efficiently managed thermal 
exchange, decreasing thermal absorption in warm months and utilizing 
ambient energy in cold periods.

While the majority of simulations assume that thermosyphons are 
positioned on the Qinghai-Tibet Plateau or other locations within China, 
some studies have investigated the heat performance of thermosyphons 
situated outside of China. Zueter and Newman [124] conducted a nu
merical study on hybrid thermosyphons, focusing on their application at 
the Giant Mine in Canada. This research highlighted the efficiency of 
hybrid thermosyphons in maintaining permafrost and preventing 
thaw-induced environmental hazards. Operating in passive mode during 
cold seasons and active mode with a refrigeration system in warm sea
sons, hybrid thermosyphons ensured year-round stability. Their nu
merical setup, was based on the mentioned equations including heat 
resistance network approach coupled with a transient two-phase heat 
conduction equation (Eq. (17)). For validation of their setup, they used 
the lab and field data from the Giant Mine. Furthermore, they explored 
design and operational parameters to optimize hybrid thermosyphon 
efficiency, finding that lower coolant temperatures and higher flow rates 
enhanced freezing, though excessively low temperatures led to unnec
essary energy consumption. The study provided valuable insights for 
optimizing hybrid thermosyphon systems for effective permafrost pro
tection and energy efficiency.

The numerical simulations discussed, along with other unreported 
studies, share a common issue: validation is seldom addressed. This lack 
of validation is partly due to the technical challenges involved and, in 
some cases, the impossibility of achieving it. Numerous uncertain pa
rameters influence the simulations, including soil properties, geometric 
boundaries of the model, thermal flux boundaries, and the calculation of 
the thermosyphon’s thermal flux. Typically, the soil beneath the surface 
is assumed to be layered, with uncertain composition and moisture 
content. The geometric boundary in simulations should ideally be three- 
dimensional, given that the thermosyphon radiates cooling from its 
center, and the surrounding boundary is not uniform. The heat flux 
boundary is often assumed to be a Dirichlet boundary, with sinusoidal 
temperature waves imposed on the top boundary with the side slope, 
natural ground, and other exposed surfaces. The amplitude and mean of 
these temperature waves are specified empirically and somewhat arbi
trarily. Using this sinusoidal temperature to calculate the thermosy
phon’s operating and idle hours makes it difficult to accurately predict 
the cooling process. Most critically, the calculated thermal resistances of 
the thermosyphon are often not validated. Therefore, while numerical 
simulations can demonstrate cooling trends of thermosyphons in 
permafrost regions, the accuracy of the cooling magnitude and distri
bution remains uncertain.

4. Future perspectives

4.1. Material advancements and durability of thermosyphon

The efficiency and durability of thermosyphons, particularly in the 
demanding environments of cold regions, are heavily influenced by the 
materials from which they are constructed [197]. Innovations in mate
rial science have led to significant improvements in these aspects, 
enabling thermosyphons to operate more effectively and withstand the 
rigors of extreme conditions. The traditional materials for thermosyphon 
construction include copper, aluminum, and stainless steel, known for 
their good thermal conductivity and corrosion resistance. However, the 
quest for improved performance and durability, especially under 
extreme cold conditions, has driven the exploration of advanced metals 
and alloys. For instance, nickel-based alloys and titanium have gained 
attention for their exceptional strength and resistance to 
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low-temperature brittleness, making them ideal for applications in 
sub-zero environments [198,199]. These materials not only ensure the 
structural integrity of thermosyphons but also enhance their thermal 
performance by maintaining optimal heat transfer capabilities in cold 
climates.

The durability of thermosyphons can be significantly influenced by 
local geological conditions and the corrosive nature of different soils 
[133,200]. The presence of aggressive ions, such as chlorides and sul
fates in soil, can accelerate corrosion in less resistant materials [201]. It 
is crucial to choose materials based on specific soil chemistries where 
the thermosyphon will be installed. Acidic or highly alkaline soils can 
also degrade certain materials faster than neutral soils [202]. Applying 
protective coatings such as epoxy or zinc plating can significantly 
enhance the corrosion resistance of traditional materials like steel and 
aluminum [203]. Composite materials, combining two or more con
stituent materials with contrasting properties, have emerged as a 
promising option for thermosyphon construction. The strategic inte
gration of composites can offer a balance of lightweight, high strength, 
and superior thermal insulation properties, making them ideal for the 
adiabatic section of thermosyphons. For example, carbon 
fiber-reinforced polymers (CFRPs) are being explored for their potential 
to reduce the overall weight of thermosyphons while maintaining high 
tensile strength and reducing thermal bridging [204–206], thereby 
enhancing the efficiency of heat transfer in cold environments.

Developing hybrid materials that combine the mechanical strength 
of metals with the corrosion resistance of ceramics or polymers can 
provide tailored solutions that address the specific needs of different 
permafrost regions. There is a need for more comprehensive regional 
studies that evaluate the performance of various thermosyphon mate
rials under local soil conditions [207]. Such studies would help in 
developing region-specific material guidelines and installation prac
tices. Ongoing research into nano-enhanced materials and bio-inspired 
coatings could further improve the durability and efficiency of ther
mosyphons in corrosive environments.

4.2. Cost-effectiveness. Of thermosyphons

While thermosyphons effectively reduce permafrost temperatures 
and adapt to climate change impacts, their economic feasibility remains 
a significant concern due to the high initial investment and ongoing 
maintenance costs [208]. Thermosyphons, though highly effective in 
stabilizing permafrost, come with considerable initial costs [209]. These 
costs are primarily driven by the need for durable materials and so
phisticated engineering designs to withstand harsh environmental con
ditions. The installation process, which often involves deep drilling and 
specialized equipment, further adds to the expense. Moreover, the 
effective area of thermosyphons is relatively small—typically only a few 
meters—which means that numerous units may be required to cover the 
necessary area, multiplying the initial investment [208].

Maintenance costs can also be significant, especially in remote or 
inaccessible areas where routine inspections and repairs become logis
tically challenging and expensive [210]. The annual cost for maintain
ing, repairing, and preventing pipeline deformation due to changes in 
permafrost conditions is estimated at $1.5 billion [211]. These factors 
must be meticulously evaluated against the projected lifespan and the 
potential cost savings in terms of reduced repair and maintenance of the 
protected infrastructure.

To improve the cost-effectiveness of thermosyphons, ongoing 
research and development efforts are concentrating on optimizing their 
designs and materials [212]. The goal is to extend their functional life
span and minimize maintenance frequency and costs. Innovations in 
materials, such as advanced composites or corrosion-resistant alloys, 
may have higher initial costs, but they can significantly reduce lifecycle 
expenses by enhancing durability and performance in extreme condi
tions. Despite the high upfront costs, the long-term benefits of using 
thermosyphons can justify the investment. By effectively maintaining 

the integrity of infrastructure, thermosyphons reduce the need for costly 
repairs and replacements that would be necessary as permafrost thaws 
due to climate change. Economic models that include cost-benefit ana
lyses, taking into account the extended lifespan of infrastructure and the 
prevention of costly failures, often show a positive return on investment 
over the long term [213].

Detailed case studies of projects incorporating thermosyphons can 
provide insightful data on cost-effectiveness [214]. For instance, the use 
of thermosyphons in the Trans-Alaska Pipeline System has demonstrated 
how effective these systems can be in preserving the structural integrity 
of large-scale infrastructures in permafrost regions [6]. Comparative 
analyses with other cooling and stabilization technologies can also 
highlight the conditions under which thermosyphons present a more 
economically viable option.

Further research into cost-reduction strategies is essential. This could 
include the development of modular or adjustable thermosyphons that 
can be easily installed and maintained or the integration of thermosy
phons with renewable energy sources to reduce operational costs [215].

4.3. Surface area enhancements: maximizing heat transfer capability

Nanoparticle coatings significantly enhance thermosyphon perfor
mance by increasing surface area and improving heat transfer charac
teristics, which is particularly beneficial in cold climates. These surface 
treatments and advanced coatings improve the durability and efficiency 
of thermosyphons by enhancing resistance to corrosion, icing, and me
chanical wear, thus extending their operational lifespan in harsh envi
ronments. Hydrophobic or icephobic coatings, for example, prevent ice 
accumulation on external surfaces, maintaining consistent performance 
under cold conditions.

Recent advancements in thermosyphon technology include opti
mizing the boiling process through surface modifications that increase 
the surface area. Solomon et al. [105] demonstrated a 15 % increase in 
heat transfer coefficient (HTC) using an anodized aluminum thermosy
phon with nanopore structures, compared to a non-anodized counter
part. This study highlighted that positioning the thermosyphon at a 45◦

angle could enhance the evaporator’s HTC by up to 33 %, whereas a 90◦

inclination reduced overall thermal resistance by 23 %.
Further research by Hsu et al. [216] on the application of nano

particle silicate coatings within the evaporator and condenser zones 
found that such coatings created superhydrophilic and super
hydrophobic surfaces, reducing thermal resistance by 26.1 %. Addi
tionally, Weng and Yang [217] observed that a growth of the length and 
diameter of an anodized aluminum alloy thermosyphon reduced heat 
resistance by 58.68 % and delayed dry out by 40 %. Rahimi et al. [218] 
coated thermosyphon’s sections with nanocavity particles, resulting in a 
decrease in thermal resistance by more than twofold and a 15.27 % 
improvement in thermal efficiency. These findings underscore the po
tential of nanoparticle coatings and anodization in enhancing the heat 
performance of thermosyphons across a variety of operational 
characteristics.

4.4. Design enhancements

Chen et al. [60] and Jin et al. [56] explored ways to improve the 
stability of expressway embankments in permafrost areas, addressing 
the tendency of these structures to deform and crack over time. Their 
research revealed the drawbacks of traditional inclined thermosyphons, 
which can lead to uneven soil temperatures and accelerated permafrost 
thaw. Their extensive numerical modeling demonstrated the superior 
performance of horizontal thermosyphons, which consistently lower 
base temperatures across embankments, thereby improving thermal 
stability. This research introduced an innovative design, the Horizontal 
TPCT, which incorporates a horizontally embedded evaporator section 
within the embankment. This design is tailored to address differential 
frost heave and prevent cracking, offering a viable solution for 
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constructing expressways in permafrost zones.
Further developments in thermosyphon technology have been pur

sued in Russia since 1993, focusing on creating small-diameter devices 
for thermally stabilizing soils around piles [11]. Recent advancements 
have also included the integration of thermoelectric modules to create 
active cooling systems within thermosyphons, although this approach is 
constrained by the cooling capacity and the practical challenges of 
powering devices in remote permafrost areas. These findings highlight 
the ongoing need for innovative solutions in thermosyphon design to 
enhance their effectiveness in permafrost cooling applications.

4.5. Low GWP refrigerants

In the field of thermosyphons, the selection of working fluids war
rants a critical examination of their environmental impacts, particularly 
their global warming potential (GWP) [219]. Historically, fluorinated 
gases (F-gases) such as R134a and R410A have been the preferred 
working fluids in two-phase thermosyphon systems within data centers 
due to their effective thermophysical properties despite their high GWP 
[220]. This environmental burden is driving a shift towards more sus
tainable alternatives.

Recent trends in sustainable technology advocate for the adoption of 
low GWP refrigerants to lessen ecological risks. Notably, hydro
fluoroolefins (HFOs) such as R1234yf and R1234ze have emerged as 
promising substitutes, offering GWPs of less than 1 and 7, respectively 
[221–223]. These refrigerants present a significantly reduced environ
mental impact while maintaining performance comparable to tradi
tional hydrofluorocarbons (HFCs). Specifically, R1234yf [224,225], and 
R1234ze(E) [226] are increasingly considered viable replacements for 
high-GWP HFCs like R134a.

Moreover, hydrocarbon refrigerants such as R600a (isobutane) offer 
an environmentally friendly alternative due to their zero ozone deple
tion potential (ODP), low GWP, low toxicity, and cost-effectiveness 
[227–229]. R600a aligns well with the EU F-gas regulations, making it 
a viable option within this regulatory framework [230]. Additionally, 
propane (R290), with an ODP of 0 and a GWP of 3, provides operational 
pressures comparable to R134a, further reinforcing its suitability as an 
eco-friendly working fluid [231,232].

While numerous studies have examined the energy performance of 
various working fluids in thermosyphon systems, most research has 
concentrated primarily on the thermal performance aspect. There re
mains a gap in comprehensive studies that assess the environmental 
impacts of these newer, low-GWP refrigerants. Future research should 
extend beyond theoretical analyses to include experimental in
vestigations on the environmental benefits of using low GWP and ODP 
refrigerants [233]. This includes detailed studies on the boiling heat 
transfer coefficients and the potential enhancement of these properties 
through the integration of nanoparticles in refrigerants such as R600a, 
R290, R1234yf, and R1234ze. Such studies are crucial for validating the 
environmental and operational viability of these alternative refrigerants 
in thermosyphon systems.

4.6. Monitoring the working performance of thermosyphons

Millions of thermosyphons are installed in permafrost regions, 
serving critical roles in preserving permafrost beneath infrastructure 
and mitigating freezing heave damage in pavement subgrades. Given the 
harsh local climates, routine maintenance and monitoring of these 
thermosyphons are often costly and sometimes unfeasible. Conse
quently, the operational status of these thermosyphons frequently re
mains uncertain. A particular concern is the integrity of the 
thermosyphon’s seal, as the internal gas pressure is several times higher 
than atmospheric pressure. Even minor structural failures, such as small 
gaps or cracks, can lead to the leakage and eventual depletion of the 
working fluid due to evaporation.

This potential for progressive erosion underscores the need for 

innovative monitoring solutions to ensure that the evaporative gas of the 
working medium condenses and circulates as intended within the 
thermosyphon. Xie and Guo [234] proposed a novel method to deter
mine if a thermosyphon in the field is operational. They discovered that 
regardless of whether a thermosyphon is working, the temperature at 
the condenser section is higher at the top and lower at the bottom, 
following a linear decrease. Using this correlation, the regression of the 
outer skin temperature of the condenser section against height yields an 
intercept in the regression plot. In a specific region, this intercept re
mains consistent. During the nighttime of a cold season, when the 
thermosyphon is operational, the outer skin temperature can be 
measured using infrared thermal imaging or other temperature mea
surement methods. If the intercept of the outer skin temperature versus 
height for a series of working thermosyphons is the same, but 1–2 
thermosyphons show a significantly different intercept, it can be infer
red that these 1–2 thermosyphons are not functioning properly and need 
to be remedied. This method was first reported in Chinese and later 
presented at the Eighth International Symposium on Permafrost Engi
neering [235,236].

According to Xie’s method [234], if all thermosyphons in a specific 
field are either all working or all not working, it is difficult to determine 
their operational status. Additionally, measurements are limited to the 
nighttime of cold seasons because the thermosyphons are active during 
this time, making it costly due to the harsh weather in permafrost re
gions. Since this method was proposed, there have been few further 
reports on technology to detect if a thermosyphon is working or not 
during the times it should be operational. Ideally, thermosyphons should 
be detected around noon during the warm season. It would be preferable 
if a monitoring device could assess the vigor of the gas vapor circulation, 
providing critical data on the thermosyphon’s functional status. Remote 
monitoring capabilities would be particularly advantageous, enabling 
timely interventions for thermosyphon maintenance or fluid replenish
ment, thus ensuring their continued effective operation in challenging 
environments.

5. Conclusions

This comprehensive review has highlighted the crucial role of ther
mosyphons in thermal management, particularly within permafrost re
gions. Leveraging natural convection and phase change mechanisms, 
thermosyphons offer an efficient, passive solution for heat transfer, 
essential for maintaining the structural integrity of infrastructure in cold 
climates. Their applications span various fields, including trans
portation, telecommunications, and energy sectors, underscoring their 
versatility and indispensability. Notably, two-phase closed thermosy
phons have been widely employed to preserve the permafrost subgrade 
of buildings, railways, highways, transmission tower foundations, and 
pipeline foundations in North America, Russia, China, and elsewhere.

Significant advancements have been made in the design and imple
mentation of thermosyphons, such as the development of closed-loop 
systems and the integration of nanorefrigerants. These innovations 
have enhanced the efficiency and reliability of thermosyphons, making 
them more effective in mitigating the effects of permafrost thaw and 
ensuring the longevity of critical infrastructure. Experimental studies 
and field applications have demonstrated the effectiveness of various 
thermosyphon configurations, such as L-shaped and horizontal ther
mosyphons, in stabilizing permafrost. These configurations have 
significantly reduced ground temperatures and maintained the perma
frost table, preventing thaw-induced settlement and structural damage. 
However, installing thermosyphons with other passive cooling methods 
to preserve permafrost subgrade can be costly in construction, a chal
lenge that is seldom addressed in the literature. Most of these innovative 
designs remain conceptual, experimental, or the subject of numerical 
studies. The cooling performance of a thermosyphon is governed by 
summing the thermal resistances from the outer air to the inner soil 
surrounding the evaporator section. Numerical simulations of 
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thermosyphons in permafrost regions face significant challenges in 
validation due to uncertain parameters and assumptions, making the 
accuracy of the cooling magnitude and radiation questionable. Despite 
their usefulness in showing cooling trends, the precise impact of ther
mosyphons remains difficult to determine.

Despite these advancements and challenges, thermosyphon perfor
mance under varying environmental conditions is stilled need opti
mized. Future research should focus on refining the design and 
placement of thermosyphons, exploring new materials and working 
fluids, and developing monitoring systems to assess their long-term ef
ficacy and durability. Continued research and technological innovation 
will be essential in enhancing their performance and expanding their 
applications, thereby contributing to the sustainable development of 
infrastructure in permafrost areas.
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