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Abstract

Roadway anti-icing requires low-carbon alternatives to chloride salts and electric heating.
This study evaluated a seasonal thermal energy storage system that couples a geothermal
hydronic heated pavement (HHPS-G) with borehole thermal energy storage (BTES), oper-
ated without auxiliary heat. A coupled transient HHPS-G–BTES model was developed and
validated against independent experimental data. A continuous cycle was then simulated,
consisting of three months of summer pavement heat harvesting and BTES, followed by
three months of winter heat discharge. A parametric analysis varied borehole depth (10, 20,
and 40 m) and number of units (1, 2, and 4). Results indicated that depth is consistently
more effective than unit number. Deeper fields produced larger summer pavement surface
cooling with less long-term drift and yielded more persistent winter anti-icing performance.
The 40 m 4-unit case lowered the end-of-summer surface temperature by 3.8 ◦C relative to
the no-operation case and kept the surface at or above 0 ◦C throughout winter. In contrast,
the 10 m–1-unit case was near 0 ◦C by late winter. A depth-first BTES design, supplemented
by spacing or edge placement to limit interference, showed practical potential for anti-icing
without auxiliary heat.

Keywords: geothermal hydronic heated pavement (HHPS-G); borehole thermal energy
storage (BTES); seasonal thermal energy storage system; roadway anti-icing

1. Introduction
Winter roadway icing remains a persistent challenge for traffic safety and operating

costs [1]. Conventional de-icing and snow-removal practices, most notably the application
of calcium chloride, are widely used. However, calcium chloride can corrode structural
components and promote oxidative aging (hardening) of pavement materials, potentially
compromising embedded reinforcing steel [2]. In addition, runoff and infiltration of
calcium chloride may contaminate soils and groundwater [3,4]. Accordingly, there is
growing motivation to reduce reliance on de-icing salts while maintaining stable pavement
surface temperatures by coupling operations to alternative heat sources.

One such candidate is thermal energy storage (TES), which harvests and stores nat-
urally available heat (industrial waste, solar, and geothermal) for later use, potentially
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displacing fossil-fuel heat supply and lowering energy use and cost [5–7]. TES can be classi-
fied by storage configuration into pit TES (PTES), tank TES (TTES), aquifer TES (ATES), and
borehole TES (BTES) [8,9]. PTES and TTES can reach high storage temperatures but require
substantial civil works and management of leakage and heat-loss, making them suited to
large, high-temperature applications such as district heating [10–13]. ATES can be efficient
but is constrained by hydrogeology and permitting [14,15]. BTES stores sensible heat in the
ground via closed-loop borehole heat exchangers. While conduction-dominated transfer
limits charging or discharging rates and very high storage temperatures, BTES offers broad
site applicability and lower regulatory burden. Moreover, the relatively stable tempera-
ture of the shallow subsurface enables BTES to provide both heating and cooling services
throughout the year [16–18]. Importantly, performance can be improved by optimizing
design and operating (e.g., borehole depth, spacing, count, and layout; inlet and outlet
fluid temperature and flow rate; grout and ground thermal properties; borehole thermal
resistance) [19,20]. Long-term demonstrations coupled with solar harvesting have shown
operational feasibility [21], and practical design guidance was analyzed [22].

Building on these characteristics, coupling BTES with a geothermal-source hydronic
heated pavement (HHPS-G) has attracted increasing interest for roadway de-icing appli-
cations. In HHPS-G, closed-loop heat exchange pipes are embedded within or beneath
the pavement, and a working fluid is circulated to raise or lower the surface temperature.
During winter operation, fluid warmer than the ambient air is supplied to suppress the
formation of snow and ice [23]. The de-icing and snow-removal performance of HHPS-
G has been verified in small-scale experiments and numerical studies [24,25], and field
deployments have also been reported [26,27]. Compared with practices such as calcium
chloride application or electric heating cables, HHPS-G can markedly reduce energy use
and carbon emissions [28]. Notably, HHPS-G can be used not only for winter heating but
also for active summer cooling of the pavement, which helps mitigate pavement-induced
heat-island effects and reduces excessive temperature rise that may otherwise lead to crack-
ing and thermally induced stresses in asphalt or concrete structures [29,30]. Consequently,
harvesting heat in summer, storing it in BTES, and reusing it for winter road de-icing can
substantially lower operating costs for HHPS-G while simultaneously limiting summertime
surface overheating.

Despite this promise, fully coupled, long-term analyses of HHPS-G with BTES operat-
ing without auxiliary heat remain scarce. Most prior work has stayed at a proof-of-concept
stage, focusing on the basic feasibility of pavement heating and cooling [31,32]. More
recently, performance analyses considering temperature and flow-rate control strategies for
pavement heating have been reported [33], as well as parametric studies on pipe installation
methods, flow rates, and pipe types embedded within the pavement [34,35]. However,
system-level investigations that treat HHPS-G and BTES as a single coupled system, and
simultaneously evaluate seasonal operating strategies, the influence of borehole geome-
try/layout/material properties, and de-icing performance under long-term thermal-storage
behavior, are still limited. Although early case studies and numerical simulations of BTES-
integrated roadway applications have been published, further quantitative evidence is
needed to support field deployment [36,37].

To address this gap, a coupled transient model of HHPS-G and BTES was developed
and validated. A series of numerical simulations was then conducted to quantify summer
heat harvested into BTES according to borehole depth and number, and to assess whether
stored heat alone (without auxiliary sources) could meet winter anti-icing demand under
representative meteorological forcing. The findings support the practical potential of
BTES-coupled pavements for anti-icing without auxiliary heat.
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2. Development of Numerical Model
2.1. Overview of Modeling Approach

To develop a coupled thermal model for the HHPS-G–BTES system, COMSOL Mul-
tiphysics (Ver. 6.3, Stockholm, Sweden) was used to solve computational fluid dynamics
(CFD) in the embedded pipes and transient heat conduction in the pavement, grout, bore-
holes, and surrounding ground. The problem was posed as a conjugate heat transfer
analysis in which the fluid and solid subdomains were advanced simultaneously and
exchanged heat across their common interfaces. Heat transfer from the circulating working
fluid to the pipe wall and into adjacent media was governed by the conservation laws. The
energy equation is given in Equation (1). The fluid phase satisfied continuity and energy
conservation, while the solids satisfied the Fourier heat-conduction equation. Fluid–solid
coupling enforced temperature continuity and normal heat flux continuity at the pipe wall.

ρACp
∂T
∂t

+ ρACpu∇T = ∇Ak∇T + fD
ρA
2dh

|u|3 + Q + Qwall (1)

where ρ is the density (kg/m3), Cp is the heat capacity at constant pressure (J/kg·K), T is
the absolute temperature (K), t is the time (s), u is the translational velocity vector (m/s),
k is the thermal conductivity (W/m·K), fD is the Darcy friction factor, dh is the hydraulic
diameter (m), Q is the general internal heat source (W/m), and Qwall is the heat exchange
term with the surrounding media (W/m).

The embedded hydronic pipes were modeled as one-dimensional (1D) line elements
using the Pipe Flow Module in COMSOL Multiphysics [38]. In this formulation, the pipe
wall acts as the coupling interface between the 1D fluid domain and the surrounding
three-dimensional (3D) solids (pavement and grout/ground). Continuity of temperature
and normal heat flux is enforced at the 1D pipe wall. The computed wall heat transfer is
then distributed to the adjacent 3D finite elements, while the 1D energy equation advances
the in-pipe fluid temperature along the flow direction. This approach resolves conjugate
heat transfer without explicitly meshing the pipe bore in 3D.

Heat exchange at the pavement–air boundary was imposed as a surface heat-flux
boundary condition following Newton’s law of cooling (Equation (2)). Thus, no external
airflow field was solved; instead, the time-varying ambient temperature and the validated
convective coefficient, h, drive the boundary heat transfer.

qc = h(Tamb − T) (2)

where qc is the convective heat flux (W/m2), h is the Convection heat transfer coefficient
(W/K·m2) and Tamb is the ambient air temperature (K).

2.2. Modeling of HHPS-G

The heat exchange model for HHPS-G was validated against the concrete slab heating
experiment reported by Lee et al. [39]. In that study, a 123 m-long pipe was embedded in
the slab in a spiral layout, and water at a fixed inlet temperature of 25 ◦C was circulated
continuously at a flow rate of 7.6 L/min to heat the slab. High-density polyethylene (HDPE)
was used for the heat exchange pipe, owing to its corrosion resistance and installation-
friendly flexibility. The installation layout of the slab and the embedded heat exchange
pipes is detailed in the prior study [39], and a concise summary is provided in Table 1.
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Table 1. Experimental conditions for HHPS-G slab heating.

Concrete Slab Heat Exchange Pipe

Area Thickness Installation
depth Length Inner

diameter
Outer

diameter

49.5 m2 710 mm 695 mm 123 m 24.6 mm 31.8 mm

An intermittent cycle of 8 h on/16 h off was applied each day. A thermocouple
installed at a depth of 350 mm near the slab center recorded the temperature response
to heating. In this work, the numerical model replicated the experimental configuration,
boundary conditions, and operating schedule of Lee et al. [39]. The simulated temperature
time series at the same instrumented location was then compared with the measured data
to assess model fidelity.

Figure 1 presents the computational domain and the finite-element mesh used for
the HHPS-G model. A mesh-sensitivity study was conducted to determine the minimum
element size. The element size was systematically reduced, and the simulated instrumented-
depth slab temperature was compared against the experimental data. As shown in Figure 2,
convergence to the measurements occurred when the element edge length was reduced
below approximately 0.205 m. Accordingly, the minimum element size was set to 0.205 m
for the production simulations to balance accuracy and computational cost. The mesh
consisted of approximately 79,000 tetrahedral elements. To resolve strong thermal gradients
near the embedded pipes, local refinement was applied. For computational efficiency, the
element size gradually increased toward the outer boundaries of the domain, with a
maximum element size of 1140 mm. The minimum element quality satisfied the quality
criterion of COMSOL Multiphysics, 0.01 [38].

  
(a) (b) 

Figure 1. Computational domain and finite-element mesh of HHPS-G model: (a) geometry;
(b) mesh Configuration.

Material properties for each medium in the model were taken from prior experimental
studies and are summarized in Table 2 [39]. The convective heat transfer coefficient, h, was
determined by inverse analysis to best match the measured temperature time series at the
thermocouple located at the mid-depth of the slab in the heating experiment. Consequently,
a value of 10 W/K·m2 was applied. Figure 3 compares the simulated temperature response
from the developed model with the experimental measurements.
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Figure 2. Mesh-sensitivity analysis results for slab instrumented-depth temperature.

Table 2. Thermophysical properties used in the HHPS-G model.

Materials Density (kg/m3) Specific Heat
Capacity (J/kg·K)

Thermal Conductivity
(W/m·K)

Concrete 2300 880 2.0
Ground 2400 2300 1.3
Water 998 4182 0.6

HDPE pipe 955 525 0.4

Figure 3. Comparison of experimental and simulated temperatures during slab heating.

Based on the validation, the average difference between the simulated and measured
temperatures was 2.15%, and the root-mean-square error (RMSE) was 0.50 ◦C. Accordingly,
the model is considered capable of reliably reproducing heat transfer in the HHPS-G and
the resulting temperature response of the pipe-embedded slab.

2.3. Modeling of BTES

The BTES heat exchange and thermal storage model was validated against the borehole
heating experiment reported by Park et al. [40]. In that study, a 1.5 m-diameter, 60 m-
deep borehole was equipped with 103 m of W-shaped HDPE pipe. Water at a fixed inlet
temperature of 30 ◦C was circulated at 2.56 L/min. Owing to construction constraints,
the pipe was installed only down to 30 m and along a single borehole sidewall. Detailed
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construction procedures are documented in the literature [40], and the principal parameters
are summarized in Table 3.

Table 3. Experimental conditions for BTES heating.

Borehole (m) Heat Exchange Pipe

Diameter Length Installation
depth Length Inner

diameter
Outer

diameter

1.5 m 60 m Until 30 m 103 m 27.0 mm 35.0 mm

As in the HHPS-G test, an intermittent heating schedule of 8 h on/16 h off was
applied. The borehole-wall temperature at a depth of 15 m was monitored. The numerical
model replicated the experimental configuration and operating schedule, and the resulting
borehole temperature response during heating was simulated to validate the BTES model.
Figure 4 shows the computational domain and mesh. A mesh-sensitivity study was
likewise performed for the BTES model. The element size was progressively reduced, and
the simulated borehole-wall temperature response was compared with the measurement.
As a result, convergence was achieved once the minimum element edge length was below
approximately 0.1 mm (Figure 5). Accordingly, the minimum element size was set to 0.1 mm
for the BTES simulations. The mesh comprised approximately 283,279 tetrahedral elements.
To resolve strong gradients near the pipes while retaining efficiency, the element size was
graded, with finer elements near the pipes and coarser toward the outer boundaries. The
average element quality was 0.714.

  
(a) (b) 

Figure 4. Computational domain and finite-element mesh of BTES model: (a) geometry;
(b) mesh Configuration.

Thermophysical properties assigned to each medium were taken from prior exper-
imental data, as summarized in Table 4. The properties of the heat exchange pipe and
the working fluid (i.e., water) are identical to those used in the HHPS-G validation model
and are listed in Table 2. A comparison of the simulated and measured temperatures is
presented in Figure 6.
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Figure 5. Mesh-sensitivity analysis results for borehole-wall temperature.

Table 4. Thermophysical properties used in the BTES model.

Materials Density (kg/m3) Specific Heat
Capacity (J/kg·K)

Thermal Conductivity
(W/m·K)

Concrete 2162 800 2.1
Ground 1700 2500 1.7

 

Figure 6. Comparison of experimental and simulated temperatures during borehole heating.

From the simulation results, the model reproduced the borehole-wall temperature
evolution at 15 m depth with an average difference of 0.75% and an RMSE of 0.13 ◦C.
Accordingly, the validated HHPS-G and BTES models were integrated to analyze heat
harvesting through the pavement, seasonal subsurface heat storage via the borehole, and
the resulting roadway de-icing performance. Table 5 summarizes the datasets used for
validation, including geometry, operating conditions, and the corresponding model–data
agreement metrics (average difference and RMSE).
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Table 5. Summary of model conditions used for validation and corresponding results.

Ref. System Pipe Geometry Flow Rate
(L/min)

Inlet Temp.
(◦C) Operation Mean Error (%) RMSE (◦C)

Lee et al. [39] HHPS-G 123 m HDPE pipe in a
concrete slab 7.6 25 8 h on/16 h off 2.15 0.50

Park et al. [40] BTES 103 m HDPE pipe in a
30 m-long borehole 2.56 30 8 h on/16 h off 0.75 0.13

3. Analysis of Pavement-Based Heat-Storage Performance According to
BTES Installation Depth and Number
3.1. Overview of Parametric Analysis

In this section, an integrated numerical model was used to simulate the process by
which heat harvested from the pavement by HHPS-G during summer is stored in BTES. It
also quantified the effects of borehole installation depth and pipe unit count on harvesting
and storage performance. Because instrumented datasets simultaneously measuring HHPS-
G and BTES are not available, direct validation of the fully coupled system was not possible.
Accordingly, an integrated numerical model, assembled from independently validated
HHPS-G and BTES sub-models, was used to assess trends while all validated boundary
conditions, mesh configurations, and operating parameters were held fixed. Only the
borehole installation depth and pipe unit count were varied systematically to isolate
their effects.

The pavement was idealized as a reinforced-concrete slab of 250 mm thickness with
plan dimensions of 5.0 m × 5.5 m [37,41]. Below the slab, the stratigraphy comprised an
insulation layer (70 mm), a basecourse (200 mm), and a subbase (250 mm) in sequence. The
insulation layer was introduced to suppress downward heat losses and thereby strengthen
heat transfer to the circulating working fluid. It was modeled as a generic insulation
with thermal conductivity 0.018 W/m·K. HDPE heat exchange pipes were embedded at
mid-depth of the slab in a serial zigzag layout, with a total embedded pipe length of 59 m.

After circulating through the pavement, the working fluid entered the ground and
flowed through a single-U ground heat exchanger (GHE), forming a fully closed loop. No
auxiliary heat source was used. Thus, the model represented a configuration in which
the fluid absorbed heat from the pavement and then rejected it to the cooler ground for
seasonal subsurface storage. Borehole depths of 10, 20, and 40 m and unit counts of 1, 2,
and 4 were considered, yielding 9 cases in total. The total pipe length and other settings for
each case are summarized in Table 6.

Table 6. BTES configurations considered in the parametric study.

Case 1 2 3 4 5 6 7 8 9

Borehole depth (m) 10 20 40
Number of units 1 2 4 1 2 4 1 2 4

Total pipe length (m) 26.85 46.51 85.82 46.85 86.51 165.82 86.85 166.51 325.82

The ambient air temperature boundary condition was imposed on the pavement and
ground surface using a periodic function that reproduces the observed summer diurnal
cycle from prior work (Equation (3)) [18].

Tamb, summer = 26 − 7cos
(

2π

86, 400 t

)
(3)

Convective heat transfer was modeled using Equation (2), and the convective heat-
transfer coefficient, h, was set to 10 W/K·m2, as determined by inverse analysis during



Energies 2025, 18, 5546 9 of 20

HHPS-G model validation. Initial temperatures were set to 30 ◦C for the concrete pavement,
basecourse, and subbase, and 15 ◦C for the subgrade (ground). Figure 7 shows the overall
model, the summer and winter operating schematics, and the mesh configuration.

  
(a) (b) 

  
(c) (d) 

Figure 7. Overview and geometry of the coupled HHPS-G–BTES model: (a) overall computational do-
main and location of the HHPS-G–BTES system; (b) schematic of HHPS-G–BTES seasonal operation;
(c) mesh configuration of entire model; (d) close-up of the minimum-size elements near pipes.

As in the validation models, the mesh was locally refined near the pipes to resolve
steep thermal gradients. The minimum and maximum element edge lengths were 0.407 m
and 7.077 m, respectively. The minimum element quality was 0.027, satisfying COMSOL’s
recommended threshold of 0.01 [39]. Material properties were taken from prior studies
and are listed in Table 7 [42,43]. The working fluid was water. The system was operated
continuously at 12 L/min for three months (2160 h), and the resulting behavior was
simulated [29].

Table 7. Thermophysical properties used in HHPS-G–BTES numerical model.

Materials Density (kg/m3) Specific Heat
Capacity (J/kg·K)

Thermal Conductivity
(W/m·K)

Concrete 2162 800 2.1
Thermal

insulation layer 1000 750 0.018

Basecourse 2000 900 1.5
Subbase 1800 850 1.2
Ground 1800 850 1.2
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3.2. Parametric Analysis Results

Figure 8 presents the pavement surface temperature time series over the three-month
harvesting period. For each case, results were interpreted relative to a baseline without
HHPS-G operation.

 
(a) 

 
(b) 

 
(c) 

Figure 8. Pavement surface temperature during three months of summer heat harvesting for BTES
depths of: (a) 10 m; (b) 20 m; (c) 40 m.
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Compared with the baseline, coupling the pavement to BTES produced a clear cooling
effect. The time-averaged surface temperature decreased, and the diurnal peaks were
suppressed. Increasing the number of boreholes enhanced the cooling, yet the improvement
showed diminishing returns. The expected cooling effect when increasing the number of
boreholes from 1 to 2 was greater than when increasing from 2 to 4. This behavior was
attributed to thermal interference among closely spaced boreholes, which reduced the
marginal benefit of additional units. More importantly, increasing borehole depth was
more effective for summer heat harvesting than merely adding units at shallow depth. As
depth increased from 10 to 20 to 40 m, cooling improved, even at comparable total installed
pipe length. Deeper fields, therefore, acted as a more persistent heat sink over the summer.
These trends are summarized in Figure 9, which plots the surface temperature after three
months versus total installed length for each depth.

 
Figure 9. End-of-period pavement temperature as function of total BTES pipe length for depths of 10,
20, and 40 m.

At shallower BTES depths, the marginal reduction in pavement surface temperature
gained by adding units was larger (i.e., the slope of the 10 m curve (blue in Figure 9) and
was steeper than that of the 20 m and 40 m curves (red and green in Figure 9)). Nevertheless,
increasing the installation depth rather than simply increasing the number of units yielded
a proportionally greater overall benefit. This behavior arose because adding shallow BTES
units intensified thermal interference among neighboring boreholes, which accelerated
local ground warming. This reduced storage efficiency and made it harder to maintain a
sufficiently low return temperature in the pavement loop. By contrast, increasing depth
engaged a larger ground volume, thereby increasing storage capacity and enabling more
effective heat storage and recovery.

To characterize the spatial evolution of the subsurface heat-storage zone, temper-
ature time series were extracted at a depth of 5 m at lateral offsets from the pavement
centerline of 0.0, 0.5, 1.0, 1.5, and 2.0 m (Figures 10–12). In addition, Figure 13 shows the
radial ground-temperature profiles at 5 m depth after three months of summer operation,
comparing 9 BTES configurations and illustrating a consistent lateral attenuation from the
pavement centerline.
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(a) (b) 

  
(c) (d) 

Figure 10. Subsurface temperature at 5 m depth during three months of summer heat harvesting
using one BTES unit: (a) sampling layout with lateral offsets (0.0, 0.5, 1.0, 1.5, 2.0 m); (b) 10 m-deep
BTES; (c) 20 m-deep BTES; (d) 40 m-deep BTES.

At all depths, the temperature rise peaked at the pavement centerline (0.0 m) and
decayed monotonically with radial distance, exhibiting consistent spatial attenuation.
Increasing the number of boreholes elevated temperatures at all offsets. In shallow fields,
the rise became excessive, indicating local overheating and more substantial inter-borehole
interference. By contrast, greater installation depth produced smaller ground-temperature
increases for a given harvested heat. This indicates that shallow installation reduces
effective storage volume, accelerates local warming, and ultimately lowers harvesting
efficiency (Figure 13). The stored heat was inferred quantitatively from Equation (4).

Qstored =
∫

V
ρC∆T dV (4)

where Qstored denotes the stored sensible heat (MJ), ρ is the ground density (kg/m3), C is
the specific heat capacity (J/kg·K), ∆T is the temperature rise relative to the initial state (K),
and V is the control volume used to estimate storage (m3).
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(a) (b) 

  
(c) (d) 

Figure 11. Subsurface temperature at 5 m depth during three months of summer heat harvesting
using two BTES units: (a) sampling layout with lateral offsets (0.0, 0.5, 1.0, 1.5, 2.0 m); (b) 10 m-deep
BTES; (c) 20 m-deep BTES; (d) 40 m-deep BTES.

For consistent case-to-case comparison, the analysis used a 2D section with a unit
thickness of 1 m. The control volume for storage estimation was defined as a 4 m-wide band
(±2 m from the centerline) over the borehole depth. Using this outer-edge value yields a
conservative lower bound because diffusive attenuation makes ∆T smallest at the band
edge, whereas interior regions closer to the borehole exhibit larger rises. Consequently, the
∆T metric was calculated as the rise above the initial temperature (15 ◦C) sampled at 5 m
depth and at the outermost lateral offset (2.0 m). The cross-sectional area was computed as
(borehole depth) × 4 m, and the resulting estimates are summarized in Table 8.

Because Qstored is evaluated directly from the simulated temperature field over V, pre-
viously incurred heat losses (e.g., surface convection or boundary leakage, etc.) are already
reflected. Therefore, the estimated Qstored represents the net sensible energy remaining in
the control volume at the sampling time. Using ∆T at outer edge (2 m) further ensures a
conservative lower bound relative to a volume average.
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(a) (b) 

  
(c) (d) 

Figure 12. Subsurface temperature at 5 m depth during three months of summer heat harvesting
using four BTES units: (a) sampling layout with lateral offsets (0.0, 0.5, 1.0, 1.5, 2.0 m); (b) 10 m-deep
BTES; (c) 20 m-deep BTES; (d) 40 m-deep BTES.

 
Figure 13. End-of-period radial ground temperature profiles at 5 m depth according to BTES installa-
tion depth and number of pipe units.
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Table 8. Estimated stored heat based on outermost temperature rise (2 m offset).

Simulation Case ∆T at 2 m Offset (◦C) Qstored (MJ)

10 m-deep BTES 1 unit 1.30 79.56
2 units 1.61 98.53
4 units 2.37 145.04

20 m-deep BTES 1 unit 1.13 138.31
2 units 1.31 160.34
4 units 1.76 215.42

40 m-deep BTES 1 unit 0.79 193.39
2 units 0.89 217.87
4 units 1.11 271.73

As shown in Table 8, at shallow installation depths, increasing the number of boreholes
produced larger increases in the outer-edge temperature rise (∆T at 2 m offset), whereas at
greater depths, the same additions did not cause excessive warming. Using the same metric
to estimate Qstored, increasing depth yielded larger gains in Qstored while simultaneously
suppressing ground warming. This depth benefit reflects a larger effective storage volume
(greater ρcV), reduced sensitivity to surface forcing at depth, greater axial spreading that
lowers local heat flux, and weaker overlap of thermal interference among boreholes.

Overall, increasing borehole depth is the most effective design lever for simultane-
ously improving pavement cooling and preserving subsurface heat storage. By contrast,
simply adding units often provides limited improvements in both cooling and storage and
may reduce economic efficiency. The drawback is most pronounced for multi-unit layouts
at shallow depth, where inter-borehole thermal interference intensifies and substantially
reduces the marginal benefit of additional units. Therefore, under typical spatial and bud-
getary constraints, depth should be prioritized, with adequate spacing and edge placement
used as needed to mitigate interference.

4. Analysis of Anti-Icing Performance Using Heat Stored in BTES
In this section, additional simulations were conducted to assess whether winter anti-

icing could be achieved without an auxiliary heat source, using only the heat harvested
from the pavement in summer and stored in BTES. For comparison, two configurations
were selected: the case that stored the least heat in summer (10 m–1 unit, case 1) and the
case that stored the most (40 m–4 units, case 9). For both, the temperature field at the end
of the three-month summer run was used unchanged as the initial condition for the winter
analysis. The circulation loop was modeled as a fully closed circuit, as in summer, with
no auxiliary heat input. The working fluid was operated continuously (24 h/day) with a
flow rate of 12 L/min. Anti-icing performance was judged following prior studies; when
the pavement surface temperature reached or exceeded 0 ◦C, the system was considered
to meet the minimum anti-icing requirement (a conservative criterion) [29,44]. The winter
ambient temperature boundary condition reproduced the observed diurnal cycle using the
periodic function, Equation (5) [18]. To reflect harsh, cold conditions, the mean temperature
was set to −8 ◦C.

Tamb,winter = −8 − 3cos
(

2π

86, 400 t

)
(5)

All other boundary and numerical settings were identical to those of the summer
analysis. The results of the three-month winter operation are presented in Figure 14.



Energies 2025, 18, 5546 16 of 20

 
Figure 14. Pavement surface temperature during three months of winter operation using BTES-
stored heat.

With HHPS-G off, the pavement surface temperature dropped rapidly into the sub-
freezing range at the beginning of the run and remained frozen thereafter. In contrast,
the 10 m–1 unit case started well above 0 ◦C and then declined gradually, remaining near
0 ◦C toward the end of the period. The 40 m–4 units case remained clearly above 0 ◦C
throughout, exhibiting only a small long-term decline and thus indicating stable continuous
operation. In short, deeper and multi-unit configurations provided a larger releasable heat
inventory and a greater effective temperature head (∆T), enabling robust anti-icing without
auxiliary heat even under harsh cold conditions.

Figure 15 plots the temperature time series at a 5 m depth for the 10 m–1 unit and
40 m–4 units configurations at lateral offsets of 0.0–2.0 m (0.5 m intervals) from the pave-
ment centerline.

  
(a) (b) 

Figure 15. Subsurface temperature at 5 m depth during three months of winter operation using
BTES-stored heat: (a) 10 m–1 unit; (b) 40 m–4 units.

For 10 m–1 unit, a steep early decline at the centerline (0.0 m) indicated rapid local
depletion of stored heat near the pipe. As the radius increased, the decline became progres-
sively weaker, leaving more residual heat toward the outer band. This behavior suggested
that shallow, few-bore installations had a small effective storage volume, leading to rapid
local depletion and a shrinking ∆T in the late stage of winter operation. For 40 m–4 units,
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initial temperatures were higher, and the decay slopes were gentler at all offsets. In addi-
tion, the smaller radial temperature differences indicated more uniform discharge. Thus,
increasing depth and pipe unit count formed a deeper and broader storage core, reduced
the influence of surface boundary conditions, and favored long-term persistence.

Overall, the winter simulations indicated that adding units alone can improve initial
performance for shallow fields but may cause late-season degradation due to local depletion
and loss of ∆T. By contrast, increasing borehole depth improved both summer surface-
temperature control and winter discharge stability, and therefore emerged as the primary
variable to optimize. Note that the performance criterion used here was anti-icing, defined
as maintaining the pavement surface temperature at or above 0 ◦C; explicit latent loads
from snowfall and icing were not included. Future work should consider (1) de-icing
scenarios that impose snowfall rates and latent heat of fusion, (2) the impact of operational
control on performance and power use, and (3) multi-year operation to assess storage
retention and boundary heat losses.

5. Discussion
This study demonstrated the feasibility and design trends of an auxiliary-free HHPS-

G–BTES system using a coupled numerical model assembled from independently validated
sub-models. Nevertheless, several limitations should be acknowledged. First, direct field
validation of the fully coupled system under identical conditions is not yet available.
Absolute performance, therefore, remains to be confirmed on scale. Second, the ground and
pavement were modeled as homogeneous media with temperature-independent properties
and no groundwater advection. In addition, moisture variations, freeze–thaw effects, and
geologic heterogeneity were not represented. Third, ambient forcing was simplified to
diurnal temperature functions with a fixed convective coefficient inferred during validation.
Detailed wind/solar radiation dynamics and time-varying h were not included. Fourth,
winter performance was judged by an anti-icing threshold (surface temperature at or above
0 ◦C) without explicit snowfall rates or latent heat loads. Finally, a closed energy-balance
and a generalizable non-dimensional framework (e.g., Biot, Fourier, Reynolds, Nusselt, etc.)
were not developed, which would require independently prescribed surface heat-transfer
coefficients, layer-specific characteristic length scales, and controlled parameter studies.

Future efforts should conduct field experiments of coupled HHPS-G–BTES systems
to establish absolute performance under real operating conditions and refine model cal-
ibration. The modeling framework should incorporate detailed meteorological drivers,
including solar short-/long-wave radiation, wind, and precipitation, with time-varying con-
vective and radiative exchanges at the surface. The physics should be extended to capture
moisture transport, freeze–thaw processes, temperature-dependent properties, ground-
water advection, and stratigraphic heterogeneity. In parallel, a compact non-dimensional
framework should be developed to enable site-independent scaling. Finally, performance
should be evaluated under explicit de-icing scenarios that include snowfall rates and icing
latent-heat loads, with reliability assessed during extreme cold events. Collectively, these
advances will close key realism gaps and provide the evidence base needed to translate
BTES designs into robust, field-ready anti-icing solutions.

6. Conclusions
This study proposed a low-energy, low-carbon alternative to winter roadway de-icing

by numerically assessing a seasonal system that couples an HHPS-G with BTES, operated
without auxiliary heat. To this end, a coupled HHPS-G–BTES model was validated against
independent experiments. A continuous annual cycle was then simulated, comprising
three months of summer pavement heat harvesting and BTES, followed by three months
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of winter heat discharge. The effects of the two key design variables, borehole depth
and number of BTES, on summer heat harvesting, subsurface storage, and winter anti-
icing performance were subsequently quantified. The significant findings are summarized
as follows:

(1) Model credibility was established through comparisons with prior experiments.
The HHPS-G slab-heating replication and the BTES borehole-heating replication
showed small errors, supporting the credibility of the component models used in the
coupled analysis.

(2) Using the validated methodology, a coupled HHPS-G–BTES model was developed.
Increasing the depth of BTES consistently outperformed simply adding pipe units.
Summer pavement cooling improved, and long-term drift diminished, while subsur-
face overheating was suppressed and total stored heat increased. Adding units at
shallow depth yielded diminishing returns due to inter-borehole interference.

(3) Under an anti-icing criterion (surface temperature at or above 0 ◦C), 40 m 4 units
maintained a clear margin throughout winter, whereas 10 m–1 unit approached the
threshold late in the period. Thus, a depth-first design is the most rational primary
choice for robust auxiliary-free anti-icing.
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