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Abstract

Permafrost thaw driven by ongoing climate warming poses significant risks to infrastructure in cold-region and high-
latitude environments, particularly in remote subarctic communities where ground stability is essential for building safety.
To improve understanding of ground thermal behavior and support future decarbonization strategies involving ground heat
transfer, this study develops and validates a numerical model of permafrost using COMSOL Multiphysics. The model
simulates transient heat transfer with phase change to capture the thermal response of fully saturated, ice-rich soils
representative of subarctic conditions. Model validation is performed using a two-layer soil profile consisting of an upper
organic peat layer overlying mineral soil and subjected to realistic seasonal surface-temperature forcing. Three scenarios
of increasing complexity are used to assess the model’s accuracy and applicability. Although the physical problem is
inherently three-dimensional, the assumptions adopted in this study reduce the thermal response to a predominantly one-
dimensional vertical process. For clarity and improved visualization of freeze—thaw transitions, the governing equations
and simulation results are presented in a two-dimensional form. The results reproduce characteristic freeze—thaw cycles
and demonstrate the buffering effect of latent heat on permafrost temperature evolution. The validated model establishes a
foundation for future investigations of engineered systems—such as geo-piles integrated with ground-source heat pumps
(GSHPs)—that can both stabilize permafrost and support low-carbon building heating and cooling. Although such
integrations lie beyond the present scope, the modeling framework developed here provides a transferable basis for coupled
thermal—structural analyses in permafrost regions.
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1. Introduction

Permafrost is a thermal condition of the ground in which temperatures remain at or below 0 °C for at least
two consecutive years [1]. This condition occurs extensively in high-latitude and high-altitude regions,
particularly in Arctic and subarctic environments, where it plays a critical role in supporting infrastructure,
storing large volumes of ground ice, and regulating hydrological and ecological processes. However, rising air
temperatures associated with climate change are causing widespread permafrost warming and thaw, thereby
reducing soil strength and threatening the stability of buildings, roads, pipelines, and other infrastructure in
cold regions [2].

In permafrost regions, the subsurface typically consists of an active layer that undergoes seasonal thawing
and refreezing, underlain by perennially frozen ground and deeper unfrozen material. The thickness of the
active layer may range from several tens of centimeters to several meters, while the perennially frozen layer
may extend from a few meters to more than one kilometer depending on soil composition, climate, and
geothermal heat flux [3]. When ice-rich soils thaw, the loss of ice bonding leads to settlement and ground
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deformation. Among the various forms of settlement that can affect infrastructure, differential settlement—
where thaw occurs unevenly beneath a foundation and causes some areas to settle more than others—is
particularly problematic, as it can result in tilting, distortion, and loss of structural integrity.

These effects are especially pronounced in remote northern communities, where construction and
maintenance are costly and access to replacement materials and technical services is limited. The severity of
thaw-induced settlement depends strongly on ground-ice content and cryostructure; soils containing segregated
or massive ice can undergo substantial volume loss upon thaw, resulting in pronounced surface subsidence.
Continued deepening of the active layer may eventually lead to the formation of taliks—perennially unfrozen
zones that persist year-round—which alter subsurface hydrological pathways, reduce seasonal refreezing
potential, and accelerate long-term permafrost degradation.

To ensure long-term foundation stability in these environments, it is necessary to understand and predict
permafrost thermal response under changing climatic and surface conditions. Numerical modeling provides an
effective approach for simulating heat transfer and phase change in frozen soils, allowing for the evaluation of
thaw depth evolution and its sensitivity to environmental and soil parameters.

The objective of this study is to simulate the thermal behavior and thaw dynamics of permafrost using a
finite-element modeling framework in COMSOL Multiphysics. This modeling framework serves as a
foundational step toward future analyses of geo-pile and GSHP systems aimed at foundation stabilization and
the decarbonization of building heating and cooling in permafrost-affected regions [4]. The model incorporates
transient heat conduction with phase change, representing latent heat effects during the ice—water transition.
Because the pore water is assumed to remain immobile, heat transfer occurs solely by conduction, and no
groundwater flow or advective heat transport is considered.

This paper is organized as follows. Section 2 reviews current understanding of permafrost thermal processes
and numerical modeling approaches. Section 3 presents the governing equations and the associated boundary
and initial conditions describing heat transfer with phase change in frozen soils. Section 4 describes the
simulation domain, material properties, and the boundary and initial conditions used in this study, selected to
represent subarctic ground conditions relevant to the problem. Section 5 presents the simulation results and
discusses the factors controlling thaw progression, while Section 6 summarizes the key conclusions.

2. Background and Related Work

The temperature and extent of permafrost are governed by the balance between heat exchange at the ground
surface and the upward geothermal heat flux from deeper subsurface layers. Although geothermal heat flux is
relatively small (approximately 0.05 W m™), surface heat fluxes are considerably larger and vary seasonally
due to changes in solar radiation, snow cover, vegetation, and soil moisture conditions [5]. These interactions
produce a characteristic ground temperature profile in which seasonal temperature fluctuations decrease with
depth and eventually vanish at the depth of zero annual amplitude [1]. This is illustrated in Fig. 1, which shows
the annual mean, maximum, and minimum temperature profiles and the depth of zero annual amplitude.

Temperature
Tos 0

_Active Tayer >

* .
Maximum
temperature

Top of Minimum
permafrost temperature
Depth of zero

annual amplitude

Geothermal
gradient

Depth

Base of ice-bearing
permafrost

)
Base of permafrost |
.

Freezing-point-depression —»E <
V

Figure 1. Schematic annual temperature profile in permafrost-affected soil, showing mean, maximum, and minimum temperature
curves, active-layer depth, and depth of zero annual amplitude (adapted from [1]).

Permafrost distribution is strongly climate-dependent; however, air temperature alone is not a sufficient
predictor because snow and vegetation act as insulating layers that modulate ground heat exchange. The
temperature at the top of the permafrost has therefore been used as a more reliable indicator, as it reflects the
thermal properties of frozen and unfrozen soil and the influence of surface insulation [6]. Permafrost is
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commonly classified into continuous (>90% area), discontinuous (50-90%), and sporadic (10-50%) zones [5],
and is most widespread in northern continental interiors and cold mountain regions [7].

Recent decades have seen widespread permafrost warming and thaw driven primarily by anthropogenic
climate change. The Intergovernmental Panel on Climate Change (IPCC) reports high confidence that
permafrost temperatures will continue to rise [8]. Thaw has both environmental and structural consequences:
carbon stored in frozen peatlands may be released as greenhouse gases [9], while the loss of ice bonding
reduces soil strength, causing settlement and infrastructure damage. By 2050, roughly one-third of pan-Arctic
infrastructure may be at risk [10]. This warming causes active-layer thickening; however, the degree of
thickening varies regionally due to differences in snow accumulation, vegetation cover, and topographic
conditions [11], [12].

Efforts to observe permafrost conditions directly are limited by the remoteness and scale of Arctic terrain,
resulting in sparse measurement networks. However, the expansion of the Global Terrestrial Network for
Permafrost (GTN-P) has improved the availability of ground-temperature and thaw-depth data [13]. Global
climate models also attempt to represent permafrost within coupled land-atmosphere systems; however, the
Coupled Model Intercomparison Project (CMIP5 and CMIP6) multi-model ensembles exhibit substantial
uncertainties in projecting future thaw extent due to underrepresentation of soil freezing processes, incomplete
snow-insulation treatment, and coarse soil depth resolution [11]. This highlights the need for detailed, process-
based numerical modeling at local to regional scales.

Numerical heat-transfer models have played a central role in understanding permafrost behavior. Among
them, one-dimensional finite-element (FE) models are widely used to simulate vertical temperature evolution
and freeze—thaw cycles because of their computational efficiency and suitability for long-term, climate-driven
simulations. However, when lateral heat transfer, water migration, engineered foundation systems, or spatially
heterogeneous ground conditions are involved, two- or three-dimensional FE models become necessary.
Software such as COMSOL Multiphysics enables simulation of heat transfer in soil with phase-change effects,
spatially variable geometries, and optional coupling with hydrological processes. COMSOL’s ability to capture
latent-heat absorption and release during freezing and thawing has been validated [14] against benchmark
problems such as the InterFrost T1 test case [15], which compares numerical results against the classical
Lunardini analytical phase-change solution [16] as formulated and presented by McKenzie et al. [17].

A central factor in permafrost modeling is the behavior of water during phase change. Freezing in soils
occurs over a temperature interval rather than at a single point due to adsorbed unfrozen water films on mineral
surfaces [18]. The associated latent-heat release produces the zero-curtain effect, and the higher thermal
conductivity of ice compared to liquid water significantly alters subsurface heat transfer [19]. Groundwater
flow can also influence thaw progression; in permeable soils, open taliks, or regions with strong hydraulic
gradients, advective heat transport may accelerate active-layer deepening and thaw-front migration [20], [21].
However, in many continuous-permafrost settings where soil permeability is low or thaw depths remain
shallow, heat transfer is dominated by conduction and advective contributions are limited [22]. Therefore, it is
essential to specify whether groundwater flow is included in the modeling framework, because its influence
can shift thaw behavior from predominantly conductive to strongly advective regimes.

In the literature, although numerous studies have documented permafrost warming [23], active-layer
thickening, and associated infrastructure risks [2], comparatively few have developed numerical models that
explicitly and transparently resolve freeze—thaw processes under realistic seasonal boundary conditions [14],
[24]. Much of the existing work emphasizes observational trends or passive stabilization measures, such as
thermosyphons and crushed-rock embankments, whereas process-based modeling studies often provide
limited detail regarding the treatment of latent-heat storage, temperature-dependent unfrozen water content,
and phase-change parameterization—making results difficult to reproduce or extend.

Ground-coupled heat-exchange systems have also been implemented in cold regions, including borehole
thermal energy storage (BTES) systems designed to reduce fossil-fuel heating demand and GSHP evaluated
in partially frozen soils [25], [26]. However, these studies focus primarily on energy supply and system
efficiency rather than intentional regulation of ground thermal conditions to limit thaw. Consequently, the
potential for actively managing permafrost temperatures through targeted subsurface heat extraction as a means
of preventing thaw-induced ground instability remains insufficiently explored.

In this context, there is a need for a transparent and well-documented numerical modeling framework
capable of simulating permafrost thermal evolution under seasonal atmospheric forcing, with explicit
representation of phase change and temperature-dependent soil properties. The present work develops such a
finite-element model and demonstrates its ability to reproduce characteristic freeze—thaw behavior, including
freezing-front migration and the zero-curtain effect. This modeling framework provides a physically consistent
basis for assessing thaw sensitivity in subarctic soils and will support future investigations into engineered
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foundation systems that actively interact with ground thermal regimes, including geo-piles [4], which function
as both structural supports and ground heat exchangers. While the evaluation of such stabilization strategies is
not undertaken here, the model developed in this study is constructed to enable their analysis. Beyond
geotechnical stability, such coupled thermal—structural models also support the design of sustainable energy
systems in cold regions. When extended to simulate GSHP operation, the same modeling framework can
quantify how subsurface heat extraction contributes to both permafrost preservation and decarbonization of
building heating and cooling. This establishes the present work as a foundational step linking permafrost
modeling with low-carbon thermal energy technologies.

3. Governing Equations and Physical Model

Heat transfer in frozen ground involves the combined effects of heat conduction through the soil matrix,
latent heat exchange during phase change of pore water, and external thermal forcing from the atmosphere and
underlying earth. In the most general form, the transient heat-transfer equation in porous media includes
conductive and advective transport, internal heat generation, and viscous dissipation. However, in permafrost
soils, advective heat transport associated with groundwater flow is typically negligible because the hydraulic
conductivity of frozen or partially frozen soils is extremely low and fluid movement is strongly restricted [27].
Viscous dissipation and internal heat sources are likewise negligible at the spatial and temporal scales
considered. The solid mineral skeleton and pore water/ice are treated as effectively incompressible, and no
shear-driven flow occurs; thus, pressure—work and viscous dissipation terms are omitted from the energy
balance. Consequently, heat transfer is assumed to occur solely by conduction, and groundwater flow,
advective heat transport, and vapor transport are considered negligible under the frozen and partially frozen
conditions examined. The thermal effect of freezing and thawing is incorporated through an apparent heat-
capacity representation of latent heat.

Heat transfer with phase change in frozen soils may be formulated in one-, two-, or three-dimensional
domains depending on the problem geometry and the variability of thermal boundary conditions. In this study,
a one-dimensional vertical soil column is first simulated in COMSOL to validate the numerical
implementation, followed by a two-dimensional cross-sectional model used to examine thaw progression under
realistic seasonal forcing. Although the simulations are performed in a two-dimensional domain, the adopted
assumptions result in a predominantly one-dimensional thermal response. Nevertheless, the governing
equations are kept in their two-dimensional form to maintain generality and to facilitate clearer visualization
of freeze—thaw behavior.

The soil domain is modeled as a two-dimensional, homogeneous, fully saturated porous medium occupying
aregion ) ¢ R? with horizontal coordinate x and vertical coordinate z, where z is positive upward. The
ground surface corresponds to z =0, and depth below ground is represented by negative z values.
Temperature is therefore expressed as T(x,z,t) in space and time. The porous medium consists of a solid
mineral matrix, liquid water, and ice. The soil is modeled as fully saturated (S = 1), such that the pore space
is entirely occupied by liquid water and/or ice. Any pore air that may exist in reality is neglected and does not
contribute to heat storage or conduction. In this work, “soil freezing” refers exclusively to the phase change of
pore water to ice, while the mineral matrix does not undergo any phase transition. As a result, freezing and
thawing influence thermal behavior through temperature-dependent changes in effective volumetric heat
capacity and thermal conductivity, while the mineral matrix remains thermally stable and does not contribute
to latent heat storage.

The upper boundary I; coincides with the ground surface at z = 0, and the lower boundary [}, is located
at z = H. Processes at the ground surface, including snow cover, vegetation shading, and radiative exchange,
are not modeled explicitly; instead, their combined influence is represented by prescribing a time-varying
surface temperature Tg(t) on [§. At the lower boundary I}, a constant geothermal heat flux g, is applied
to represent upward conductive heat transfer from deeper subsurface layers.

Under these assumptions, conservation of thermal energy in the soil is expressed by the two-dimensional
transient heat conduction equation:

oT
Capp(x,2,T) 5, =V (kepr(x,2,T) VT), (x,2)€EN, t>0 (1)
where V = (0/0x,0/0z) denotes the spatial gradient operator in two dimensions. Capp is the apparent

volumetric heat capacity [15], [16], [28] and k, rf is the scalar effective thermal conductivity, both of which
vary with temperature due to the freeze—thaw transition of pore water.
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The corresponding one-dimensional form used for validation is obtained by assuming no lateral temperature
variation, i.e., dT /dx = 0. Under this assumption, Eq. (1) reduces to:

aT 7] aT
Capp@ TV 5 = 2 (kepr (2T 52),  £>0 @)

The soil is represented as a fully saturated porous medium with porosity ¢. Because the pores are entirely
filled with liquid water and/or ice, the temperature-dependent pore-volume fractions satisfy:

6w (T) + 6,(T) = ¢ 3

Freezing is represented using a temperature-dependent phase-progress function a(T), which varies
smoothly from a = 0 (fully unfrozen) to @ = 1 (fully frozen). In this study, no residual unfrozen water is
assumed to persist at subfreezing temperatures (i.e., S,,,-=0), so the volumetric fractions of liquid water and
ice reduce to:

0.,(T) = d)['swr +(1- Swr)(l - a(T))] = ¢[1 —a(T)], 0;(T) = ¢ —6,(T) = ¢a(T) 4)

A phase change interval of finite width is introduced to represent the gradual freezing of pore water.
Conceptually, the phase-progress function may be written as a linear transition across a mushy zone of width
AT, centered on the nominal freezing temperature Tf:

1. T <Tp — AT, /2,
a(T) ={(T; + 4T, /2 — T)/AT,,, Tr — AT,y /2 < T < Tp + AT, /2, (5)
0, T > T + AT, /2
with corresponding derivative:
0, T < T; — ATy, /2,
Z_:z —1/AT,,, Tr — ATy /2 < T < T + 4T, /2, (6)
0, T > T + AT, /2

Here, AT,, denotes the finite temperature interval over which phase change occurs and should not be
confused with temperature differences that drive conductive heat transfer. In practice, sharp corners in Egs.
(5)—(6) can introduce numerical stiffness near the freeze—thaw front. Therefore, in COMSOL the phase-
progress function is implemented as a smoothed transition using the built-in flc2hs function, a(T) =
flc2hs(T — Ty, e7), where er controls the smoothing width and is chosen such that the effective transition
region matches AT,,. This preserves the total latent heat while providing improved convergence and stability
during phase change. This smoothed form is used in the present work, ensuring a continuous and differentiable
da/dT profile and stable numerical performance while maintaining the same physical representation of latent
heat as the conceptual piecewise-linear model.

The volumetric heat capacity excluding latent heat is expressed as a volume average of the solid matrix,
liquid water, and ice contributions:

Csens (T) = (1 - ¢)P5Cs + Hi (T)pici + HW(T)prw (7)

Similarly, the effective thermal conductivity is

kerr(T) = (1 = P)ks + 6,(Tk; + 6, (Tky ®)

The corresponding bulk density of the soil-water—ice mixture is:

Pou(T) = (L = P)ps + 0;(T)p; + 6,,(T)pw 9

Here, ppy(T) is the mixture density per unit bulk volume; it varies with temperature through 8,, and
6;. During freezing and thawing, the internal energy of the pore water changes due not only to temperature
variation (sensible heat), but also due to the phase transition between liquid water and ice. The contribution of
the phase change is represented using the apparent heat-capacity method, in which the latent heat of fusion L
is embedded through the temperature-dependent liquid water fraction 6,,(T). Because only the liquid water
phase undergoes freezing and thawing, the latent heat term is expressed using the density of liquid water p,,
rather than the bulk mixture density.
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The apparent volumetric heat capacity is written as:

d6,,(T) da(T)
Capp (T) = Csens(T) + py L ar Csens (T) — Pw L¢ ZT (10)

Because a(T) represents the ice phase fraction, da/dT is negative within the mushy zone, and the minus
sign in Eq. (10) ensures a positive latent-heat contribution during thawing. This formulation introduces the
latent heat effect directly into the heat-capacity term, allowing phase change to be captured implicitly without
explicitly tracking the freezing/thawing interface, thereby avoiding the need for Stefan-type moving-boundary
formulations and ensuring numerical stability. The apparent heat capacity used in Eq. (1) is expressed by Eq.
(10).

The thermal model requires specification of boundary conditions at the ground surface, the lower boundary,
and the lateral boundaries of the domain, in addition to an initial temperature field. At the ground surface (z =
0), the temperature is prescribed as a function of time:

T(x! 0' t) = Ts(t) (11)

where T, (t) is the externally imposed ground-surface temperature. This condition implicitly accounts for the
combined effects of snow cover, vegetation shading, atmospheric exchange, and radiative forcing, without
representing these processes explicitly.

At the bottom boundary (z = —H), the thermal interaction with deeper subsurface layers can be
represented using either a prescribed geothermal heat flux or an equivalent temperature condition. In the
standard formulation, an upward geothermal heat flux g, > 0 (W m™) is applied. Because the vertical
coordinate increases upward, this flux acts in the positive z-direction. With the outward unit normal at the
lower boundary given by n = (0, —1), the Neumann condition is

- (keps(x,2,TYVT)| __, =~ (12.a)

Alternatively, the lower boundary may be specified using a temperature consistent with the geothermal
gradient,

T(x.z=—H.t) = Ty(x.z = —H) + GH + AT, (t) (12.b)

where T, is the mean annual surface temperature, G is the geothermal gradient (K m™), and AT, (t) is an
optional time-dependent temperature offset used to represent long-term climatic warming or other deep-
temperature trends. The flux condition (Eq. 12.a) is appropriate when deep temperatures are assumed stable,
whereas the temperature condition (Eq. 12.b) is suitable when evaluating scenarios in which the thermal regime
at depth evolves over time.

Along the lateral boundaries, the domain is assumed to be thermally insulated, meaning that no heat is
exchanged across these boundaries. Denoting the lateral boundary by I; and the outward unit normal by n,
the adiabatic (no-flux) condition is expressed as:

—n - (kesr(x,2,T) |7T)|rl =0 (13)

Finally, the simulation is initialized by prescribing a temperature field at t = 0:

T(x,2,0) = To(x, 2) (14)

where T,(x,z) istypically constructed from measured near-surface temperatures and extended through depth
in accordance with the local geothermal gradient.

In many permafrost environments, the subsurface is stratified, consisting of distinct layers of peat, mineral
soil, and ice-rich horizons, each with different porosity, ice content, and thermal properties. In such cases, the
thermo-physical parameters are commonly assigned piecewise according to depth, and heat conduction may
be anisotropic, with thermal conductivity differing in the vertical and horizontal directions due to sedimentary
fabric or preferential ice structures. These effects can influence thaw propagation and the spatial pattern of the
active layer, especially in heterogeneous or fine-scale stratified soil profiles.

However, in the present study, the subsurface is modeled as homogeneous and isotropic, with uniform
porosity and thermal properties throughout the domain. Layering and directional anisotropy are therefore not
included, and heat transfer is assumed to occur by scalar thermal conductivity. This approach allows the
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governing heat-transfer equation presented above to be applied without modification, together with the
temperature-dependent constitutive relations defined in Eqgs. (3)—(10).

4. Numerical Model Setup

The numerical simulations are conducted in a two-dimensional vertical soil column extending from the
ground surface at z =0 m to a depth of z=—50 m. The upper 0.6 m represents an organic peat layer, while
the underlying portion is modeled as mineral soil. The out-of-plane thickness is set to 1 m, interpreted as a
laterally extensive ground mass. A mapped quadrilateral mesh is applied across the domain, with refinement
concentrated near the surface and within the active layer to resolve steep temperature gradients and latent-heat
effects. Mesh size increases geometrically with depth to maintain computational efficiency. Figure 2 shows
the mesh for the upper 5 m of the soil profile, with the interface at z = —0.6 m marking the peat—mineral
transition. Mesh-independence checks confirmed that further refinement does not alter the simulated thaw
depth or temperature profiles, and the solver relative tolerance is set to 1x107*.

Refined near surface
and within active layer Ground surface

V/—/\ctive layer boundary

./~ Permafrost region

Coarser elements

z [m]-25] with depth.

-3]
-35]

Bottom of displayed
L/~ domain

Figure 2. Finite-element mesh of the upper 5 m of the soil column

The soil is assumed fully saturated and isotropic, with heat transfer occurring solely by conduction. Phase
change is represented through the apparent heat-capacity method with a mushy-zone width AT,, =0.3 °C and
a latent heat of fusion of 3.34 x 10° J kg™'. Table 1 summarizes the thermal and physical properties assigned
to the peat and mineral soil layers. Water and ice properties are identical in both layers, with p,, =1000 kgm,
¢y =4180J kg' K, k,=0.6 Wm' K, p; =917kgm?3, ¢; =2100J kg? K, and k=22 Wm' K.
The geothermal gradient is setto G = 0.025 K m™!, corresponding to a constant upward geothermal heat flux
of g =0.05Wm=2

Table 1. Main thermal and physical parameters for peat and mineral soil layers.

Property Peat Layer (0-0.6 m)  Mineral Soil (> 0.6 m)
Porosity () 0.9 0.6

Saturation (—) 1.0 1.0

Solid density (kg m™®) 1000 2650

Solid heat capacity (J kg™ K™") 1500 800

Solid thermal conductivity (Wm™ K™")  0.75 2.0

The upper boundary temperature follows the harmonic ground-temperature formulation [29] (Eq. 15),
which captures the attenuation and phase shift of seasonal thermal waves in the soil.

T(zt) = Tavg — [Tampl exp(—z - py) - cos ((Z_H) t—-P)—2z- Bl)]

365
- [Tampz exp(—z - Bp) - cos ((%) (t—P)—z- Bz)] (15)
where ; = ./(n/(a-365)) and S, =/ (2m/(a - 365)). The parameters used are Tavg =-1°C, Tamp1 =

15 °C, Tampz = -3 °C, P, = 24 days, P, = 30 days, and @ = 0.08 m? day. These parameters represent
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typical subarctic conditions, with a mean annual ground temperature of —1 °C and seasonal extremes of roughly
—16 °C in winter and +14 °C in summer. The same formulation is used to generate the initial temperature field
where needed. Figure 3 shows the resulting temperature variation with depth and time, highlighting the
expected seasonal fluctuations and their attenuation and phase lag with depth.

Time (s)
7 T[C]
x10 10 Temperature
(°C) 15
-10 10
0
Temperature
variation damp 5
with depth
-20
0
Depth
(m)
Constant mean annual .40 5

temperature

Figure 3. Modelled ground-temperature variation with time and depth.

The lateral boundaries are treated as adiabatic, consistent with the effectively one-dimensional thermal
response resulting from laterally uniform forcing and material properties. Two forms of the lower boundary
condition are used depending on the scenario: when deep temperatures are assumed stable, a constant
geothermal heat flux of g,=0.05 W m2 is applied; for the long-term warming scenario, the lower boundary
is prescribed as a temperature consistent with the geothermal gradient and increased by 0.1 °C per year,
implemented as a time-dependent Dirichlet condition at z =—-50 m.

Three test scenarios of increasing complexity are simulated, differing only in their initial and boundary
conditions; all material properties, geometry, and meshing remain identical. In Scenario I, the entire soil
column begins at 0 °C, the surface is held at 5 °C, and the lower boundary applies the geothermal flux,
providing a baseline transient-thaw test. Scenario 2 uses the harmonic formulation (Eq. 15) for both the initial
condition and the evolving surface temperature, with the geothermal flux again applied at the base, thereby
resolving the seasonal freeze—thaw cycle. Scenario 3 also uses Eq. 15 but adds a long-term climatic warming
trend: the mean annual surface temperature increases by 0.1 °C per year, and the lower boundary temperature
increases at the same rate. Although real deep-ground temperatures would lag surface warming, this idealized
representation isolates the multidecadal effects of sustained warming.

All simulations are performed with the Heat Transfer in Porous Media interface in COMSOL Multiphysics
6.3 using implicit time stepping and adaptive control. Simulations were run on an Intel® Core™ i7-14700F
(2.10 GHz) workstation with 32 GB RAM; Scenario 1 required ~1.75 min, Scenario 2 ~2.2 min, and Scenario
3 ~1hr 32 min of wall-clock time. Scenarios 1 and 2 are run for one year, and Scenario 3 for 30 years. The
resulting temperature fields are used to evaluate thaw depth, seasonal freeze—thaw dynamics, and the
sensitivity of permafrost behavior to boundary-condition complexity.

5. Simulation Results and Discussion

This section presents the results of the three numerical experiments. Phase change is treated using the
smoothed apparent heat-capacity method flc2hs(T — Ty, er) with a transition width of &r=4T,,,=0.3 °C
around the freezing temperature Tr = 273.15 K, ensuring latent heat is represented accurately while
maintaining numerical stability. The resulting mushy zone, where pore water freezes or thaws gradually, is
visualized in all figures using three reference isotherms: the T =Ty contour in yellow, T =T — AT,, =
—0.3°C in cyan, and T =Tf + AT,;, = 0.3° C in red. Soil between the cyan and red curves is partially
frozen, soil colder than the cyan line is fully frozen, and soil warmer than the red line is fully thawed.

Because lateral boundaries are insulated and the domain is horizontally uniform, heat transfer occurs solely
by vertical conduction, making the problem effectively one-dimensional; however, for presentation, Scenario
1 is shown in 1-D, while Scenarios 2 and 3 are shown in 2-D for clearer visualization.

5.1. Scenario 1: Transient Thawing Under Constant Surface Warming
Scenario 1 provides a baseline test of the model by applying simple, non-seasonal warming to an initially

isothermal soil column. The entire 50-m profile begins at 0 °C, the ground surface is fixed at 5 °C for one year,
8
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and the lower boundary imposes the constant geothermal flux of 0.05 W m™=. With no cooling phases or
seasonal variability, heat propagates purely by vertical conduction. Figure 4 shows the one-dimensional
temperature—depth profiles after four, eight, and twelve months, focusing on the upper 5 m where thermal
gradients are largest.

Because the soil begins uniformly at 0 °C and experiences only warming, temperatures never fall below
freezing and the cyan (T — AT,,, =—0.3 °C) isotherm does not appear. The yellow 0 °C contour steadily moves
downward as latent heat is consumed to melt pore ice, while the red (T + AT,,, =+0.3 °C) isotherm stays near
the surface and deepens only slightly, indicating that warming above the melting point is much slower than the
advance of the thaw front.

During the first four months, heat penetration is limited by the low thermal diffusivity of the peat layer,
which retards the initial descent of the thaw front. As the warming wave reaches the underlying mineral soil—
whose diffusivity is roughly twice that of peat—the downward migration of the 0 °C isotherm accelerates,
producing the more rapid deepening observed between four and eight months. At greater depths, the advance
slows again because less surface energy reaches the thaw front and latent heat must still be supplied before
temperatures can rise above freezing. From a theoretical standpoint, a purely conductive step change would
yield a characteristic penetration depth &§~2+at, where a=Kepp/Csens is computed from the material
properties in Table 1; however, this provides an upper bound because it neglects phase change. In the present
case, freezing and thawing are governed by an enthalpy (apparent heat-capacity) formulation, for which the
thaw-front depth s(t)—defined by the T=T; (0°C) isotherm—is expected to scale as Vat but with a
reduced prefactor controlled by the Stefan number. Using the imposed surface warming (Ts—T= 5 °C) and the
latent heat of fusion, the Stefan number is much less than unity, indicating strong latent-heat buffering.
Accordingly, the numerically simulated thaw depth—increasing roughly with +/t between 4, 8, and 12
months and reaching approximately 1.5 m after one year—is consistent with diffusion-limited, phase-change-
controlled penetration rather than pure conduction.

This evolution reflects the contrasting thermal properties of the two layers. The peat warms readily due to
its low conductivity and low volumetric heat capacity, while the mineral soil conducts heat more efficiently
but requires more energy to warm because of its higher volumetric heat capacity. These combined effects shape
the rate and depth of thaw, confirming that the model reproduces conductive heat transfer, latent-heat buffering,
and material-dependent thermal response under simple forcing.

0

Lamths
-1 -8mths
L dyr

)
o

Depth (m

] B N R R I R
-1 0 1 2 3 4 5

Temperature (°C)

Figure 4. Downward progression of the thaw front in Scenario 1 at 4, 8, and 12 months.
5.2. Scenario 2: Seasonal Freeze—Thaw Cycling

Scenario 2 applies the harmonic ground-temperature forcing (Eq. 15) to both the initial temperature field
and the upper boundary, while the lower boundary maintains the constant geothermal flux of 0.05 W m™2. This
produces a full winter—summer cycle characteristic of subarctic soils. Figure 5 shows the resulting one-year
temperature evolution.

At the start of the simulation (mid-winter), the upper several meters are strongly frozen, with temperatures
decreasing upward from about —0.3 °C at depth to roughly —14 °C at the surface. Beneath this frozen zone lies
a shallow layer at slightly positive temperatures, followed by a colder permafrost layer extending from roughly
10 to 40 m depth. The deepest soil warms only gradually toward 0 °C under the geothermal gradient because
no prior multi-year warming is imposed.

As surface temperatures rise through spring and summer, the active layer warms and thickens. Energy is
first used to raise frozen soil to the melting point and then to supply the latent heat of thawing. The low thermal
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diffusivity of the peat layer introduces a noticeable lag in its response, while the mineral soil conducts part of
the summer heat pulse deeper. By late summer (around day 210), the surface reaches peak temperatures and
sends a strong downward heat pulse, visible in Figure 5 as brightening contours. This pulse continues to
propagate downward even as the surface begins to cool, producing continued warming of the upper permafrost
into early autumn. This delayed response arises from seasonal phase lag within the single simulated year.

During autumn and early winter, the shallow layers cool sharply and refreeze as the surface temperature
drops below 0 °C. Deeper layers retain their lagged behavior: the transitional zone cools from its summer
maximum but remains slightly above freezing by year-end, while the permafrost warms by a few tenths of a
degree relative to its initial state. In Figure 5, this appears as a slight lightening of the permafrost contours late
in the year. The modest net warming results from the deeper penetration of the summer heat pulse compared
with the winter cold pulse, combined with latent-heat release during refreezing, which reduces the efficiency
of winter cooling.

Overall, Scenario 2 reproduces the essential features of seasonal permafrost dynamics: strong surface-
driven thermal oscillations, attenuation and phase lag with depth, annual formation and collapse of the active
layer, and a lagged warming of the upper permafrost despite winter refreezing.
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FigureS. Subsurface temperature evolution for Scenario 2 shown at 16 times over one year, capturing seasonal thawing, refreezing, and
phase lag. Bottom: imposed harmonic ground-surface temperature boundary condition.
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5.3. Scenario 3: Multidecadal Warming Under Increasing Surface and Deep Temperatures

Scenario 3 examines the long-term response of the soil column to sustained climatic warming by increasing
the mean annual surface temperature by 0.1 °C yr' and imposing the same rate of warming at the lower
boundary. Although real deep-ground temperatures would lag the surface, this symmetric forcing isolates the
cumulative effects of persistent warming from both boundaries.

Figure 6 presents winter temperature profiles (day 1 of each year) at two-year intervals over 30 years.
Because all snapshots correspond to mid-winter, the active layer is seasonally frozen in every profile, and long-
term changes appear primarily as shifts in winter temperatures rather than changes in thaw depth.

In the upper 1-2 m, the winter cold pulse dominates the relatively small annual warming trend, and the
insulating peat layer further delays heat transfer. Consequently, mid-winter surface temperatures appear nearly
unchanged across decades. This behavior reflects timing—not cooling—because summer warming is not
shown in these winter-only profiles.

Below the active layer, the transitional zone cools slightly in winter due to the same seasonal effects. In
contrast, the permafrost steadily warms by several tenths of a degree, evidenced by the gradual upward
migration of the +0.3 °C isotherm toward the permafrost table. This long-term warming results from increased
conductive heat input at both boundaries and from the fact that summer heat penetrates more efficiently than
winter cold, while latent-heat release during refreezing reduces the depth of winter cooling.

Overall, Scenario 3 demonstrates how modest but persistent climatic warming can significantly increase
permafrost temperatures over multidecadal timescales. Even though surface layers continue to refreeze each
winter, the deeper permafrost accumulates heat due to phase-lagged conduction and the imposed warming
trends, indicating a trajectory toward eventual thaw.
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Figure 6. Subsurface temperature evolution for Scenario 3 at 16 times over 30 years, showing progressive permafrost warming under
+0.1 °C yr ' surface and basal temperature trends. Bottom: imposed temperature boundary conditions.

6. Conclusions

This study developed and validated a finite-element modeling framework capable of resolving conductive
heat transfer and phase change in saturated, ice-rich soils representative of subarctic permafrost. By employing
COMSOL’s apparent heat-capacity formulation, the model accurately captured key physical processes; freeze—
thaw transitions, latent-heat buffering, the zero-curtain effect, active-layer dynamics, and the seasonal
attenuation and phase lag of surface thermal forcing. Across three scenarios of increasing complexity, the
results reproduced characteristic thaw-front migration patterns and demonstrated progressive warming of
deeper permafrost under sustained climatic trends. These outcomes confirm that the framework can reliably
simulate permafrost thermal evolution driven by both short-term variability and long-term warming.

Beyond validating freeze—thaw representation, the modeling results highlight the sensitivity of permafrost
stability to subtle shifts in heat flux at the ground surface and at depth. The findings reinforce that latent heat
moderates short-term temperature fluctuations while simultaneously enabling the long-term accumulation of
subsurface heat—an effect that plays a central role in the deepening of the active layer and the onset of talik
formation. This underscores the need for engineered interventions capable of managing subsurface thermal
regimes in cold-region built environments.

The numerical framework developed here establishes a foundation for such interventions. Because the
model explicitly resolves conductive heat exchange and latent-heat consumption, it can be extended to evaluate
thermally active foundation systems, including geo-piles, energy piles, and ground-source heat pump (GSHP)
integrated foundations. These systems offer dual benefits that directly connect the present work to broader
decarbonization goals. First, by extracting heat from the ground during building operation, GSHP-coupled
geo-piles can actively cool and preserve ice-rich soils, reducing thaw-related deformation and increasing
foundation resilience. Second, by supplying low-carbon heating and cooling to buildings, such systems help
reduce reliance on fossil fuels in remote northern communities—where fuel transport costs and emissions are
especially high.

Thus, while this paper focuses on fundamental freeze—thaw modeling and validation, it provides the
rigorous thermal backbone required for future coupled thermal—structural simulations of permafrost-sensitive
foundations. The modeling framework can be readily adapted to quantify how engineered heat extraction
strategies influence thaw progression, stabilize permafrost beneath critical infrastructure, and contribute to the
long-term decarbonization of northern built environments. Continued development in this direction will enable
optimized designs for geo-piles and GSHP systems specifically tailored to cold-region challenges, supporting
both infrastructure longevity and sustainable energy transitions.
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