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Abstract

Residential space heating in Northern Europe requires long-duration thermal storage to
align summer solar gains with winter heating demand. This study investigates a compact
sand-based seasonal thermal energy storage integrated with flat-plate solar collectors for an
A+ class single-family house in Kaunas, Lithuania. An iterative co-design couples collector
sizing with the seasonal charging target and a 3D COMSOL Multiphysics model of a
300 m3 sand-filled, phenolic foam-insulated system, with a 1D conjugate model of a copper
pipe heat-exchanger network. The system was charged from March to September and
discharged from October to February under measured-weather boundary conditions across
three consecutive annual cycles. During the first year, the storage supplied the entire winter
heating demand, though 35.2% of the input energy was lost through conduction, resulting
in an end-of-cycle average sand temperature slightly below the initial state. In subsequent
years, both the peak sand temperature and the residual end-of-cycle temperature increased
by 3.7 ◦C and 3.2 ◦C, respectively, by the third year, indicating cumulative thermal recovery
and improved retention. Meanwhile, the peak conductive losses rate decreased by 98 W,
and cumulative annual losses decreased by 781.4 kWh in the third year, with an average
annual reduction of 4.15%. These results highlight the progressive self-conditioning of the
surrounding soil and demonstrate that a low-cost, sand-based storage system can sustain
a complete seasonal heating supply with declining losses, offering a robust and scalable
approach for residential building heating applications.

Keywords: residential space heating; seasonal thermal energy storage; sand-based heat
storage system; soil thermal interaction; heat loss reduction

1. Introduction
Residential space heating remains a dominant energy demand in the European Union

(EU), accounting for approximately 63.5% of household energy consumption in 2022 [1,2].
Despite efforts to transition to renewable energy, fossil fuels play a significant role in
meeting this demand. Natural gas alone contributed 30.9% of the final energy consumption
in the residential sector, while coal and petroleum products contributed 2.3% and 10.9%,
respectively [1]. This heavy dependence on fossil fuels for space heating contributes
substantially to greenhouse gas emissions. The construction sector was responsible for
34% of the 2022 energy-related CO2 emissions of the EU [3]. Addressing this issue is
crucial to achieving the EU’s climate neutrality goals and enhancing energy resilience.
The integration of renewable energy sources, such as wind and solar, into the energy
mix has grown significantly, with renewables accounting for 45.3% of the gross electricity
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consumption in 2023 [1]. However, the intermittent nature of these sources leads to
periods of surplus generation that cannot be effectively utilized without adequate storage
solutions. In 2023, the EU wasted the equivalent of 0.5% of its total power consumption
due to insufficient storage capacity, highlighting the need for enhanced energy storage
infrastructure [4]. Furthermore, studies indicate that to manage extreme droughts of
renewable energy, known as ‘Dunkelflaute’, Europe would require a long-duration storage
capacity equivalent to 7% of its annual electricity demand [5]. This finding underscores the
vital role of seasonal energy storage systems in ensuring the reliability and efficiency of a
renewable-based energy system.

Thermal energy storage technologies are generally grouped into three categories
based on the underlying storage principle: sensible, latent, and thermomechanical systems
(Figure 1) [6–10]. In sensible storage, thermal energy is retained through a controlled
temperature rise in the storage medium, such as water, soil, or sand. Latent storage increases
energy density by utilizing the phase-change phenomenon, whereas thermochemical
storage relies on chemical sorption processes to store heat with minimal standby losses. For
residential applications, the choice of TES technology is primarily constrained by system
compactness, feasible operating temperature range, heat-transfer effectiveness, and the
ability to limit the thermal losses through appropriate insulation design [7,11].

Figure 1. Classification of the TES system based on storage mechanism [7–10].

Seasonal thermal energy storage (STES) systems have been widely investigated
through experimental and numerical studies to assess performance and limitations [12–14].
Aquifer thermal energy storage (ATES) stores sensible heat in groundwater aquifers,
and optimized control approaches have demonstrated significant reductions in build-
ing energy consumption and enhanced resilience to demand variability [15]. However,
deployment is constrained by local hydrogeology, contamination risks, and regulatory
requirements [16,17]. Borehole thermal energy storage (BTES) stores heat in the subsurface
using borehole arrays with U-tube exchangers. Design-control optimization has indicated
economic feasibility, including an estimated average household energy cost of approxi-
mately EUR 75 per month over a 30-year operating period [18]. However, BTES remains
limited by long-term heat losses and substantial land area requirements, particularly in
dense urban settings [19]. Thermochemical energy storage (TCES) relies on reversible reac-
tions to achieve high storage density, such as CaCl2 hydration/dehydration tests, which
demonstrated good reversibility and cycling stability across 20 cycles within 80–200 ◦C [20],
yet practical implementation is still hindered by slow kinetics, material degradation, and
integration complexity [21]. Latent heat storage using phase-change materials (PCMs)
provides quasi-isothermal buffering. Cascade PCM configurations can extend the dura-
tion of constant thermal power delivery by approximately 65% compared with sensible
storage [22]. Despite advances such as microcapsulation to improve thermal performance
and reduce leakage [23], PCM-based systems continue to face barriers related to material
cost, low thermal conductivity, phase segregation, and long-term reliability [24–26].
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Solar energy offers one of the most abundant renewable resources, with applications
ranging from electricity production to thermal energy generation for heating and hot
water [27]. A key limitation is thermal utilisation. However, lies in the timing mismatch
between supply and demand: solar energy peaks in summer, while heating requirements
are greatest in the winter months. In summer, solar radiation is plentiful, but the heating
load is minimal. Despite this discrepancy, technologies such as flat plate collectors and
thermosiphon systems are already widely deployed to meet domestic hot water needs
throughout the year. When comparing system efficiencies, flat-plate solar collectors can
achieve values close to 80% under water-based operations [28]. Photovoltaic or thermal
hybrids reach about 60–65% [29], while crystalline PV modules reach around 28% [30],
although this depends strongly on environmental and operational conditions. These
efficiency levels highlight that thermal conversion remains highly attractive for building
applications, provided that suitable storage is incorporated to capture heat and deliver it
when required.

Several studies have specifically examined the use of flat-plate solar collectors as
charging units in seasonal thermal energy storage applications. Brites et al. demonstrated
that surplus domestic hot water heat from flat-plate collectors can be effectively redirected
into seasonal reservoirs, significantly increasing the solar fraction available for space
heating in warm and temperate climates [30]. Antoniadis and Martinopoulos used TRNSYS
to optimize the sizing of flat-plate collectors and seasonal storage for a single-family
dwelling, demonstrating that properly balancing collector area and storage volume can
markedly reduce auxiliary energy demand [31]. A validated experimental evaluation by
Gado et al. further demonstrated the stable thermal performance of a flat-plate collector
when integrated with seasonal thermal storage systems, confirming its suitability for
solar-assisted space-heating applications [13]. At a large scale, Yang et al. analysed the
deployment of solar-driven seasonal thermal energy storage systems in Heilongjiang,
China, reporting that flat-plate collector-based seasonal storage can substantially reduce
fossil fuel consumption and improve renewable energy integration in cold climates [32].

Recent efforts have also focused on integrating Seasonal Thermal Energy Storage
(STES) systems with renewable energy sources, particularly solar and wind, to enhance
load flexibility and reduce dependence on fossil fuels [25,28,29]. In several projects, ATES
has been coupled with solar thermal collectors to seasonally shift excess summer heat
into the winter space heating, with modeling studies confirming notable reductions in
auxiliary heating requirements [33]. However, performance is highly sensitive to system
configurations, particularly flow rates and well spacing, which significantly impact thermal
breakthrough and storage recovery efficiency [34]. Borehole Thermal Energy Storage
(BTES) has shown excellent synergy with solar thermal fields, as demonstrated in the
Drake Landing Solar Community in Canada, where integration achieved a 97% annual
solar fraction through controlled borehole recharging and discharging sequencing. The
key integration challenge in such systems lies in maintaining seasonal thermal balance and
preventing thermal drift over multiple years [35,36]. PCM-based systems have also been
paired with solar-assisted heating units, where latent heat storage helps stabilize short-term
thermal fluctuations. While small-scale trials have confirmed promising storage density
and solar energy utilization, integration at the system level is complicated by the need for
real-time thermal regulation and stratification control to ensure optimal phase transition
behavior [37–39]. In high-temperature applications, Thermochemical Energy Storage
(TCES) systems have been considered for use with Concentrated Solar Power (CSP) plants,
leveraging the reversible chemical reactions to retain thermal energy over long durations.
While simulations report high theoretical round-trip efficiency, integration efforts are still
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in the early phase due to challenges in reactor scalability, sorbent regeneration control, and
maintaining stable cycling under real-world solar fluxes [40,41].

Although various seasonal storage approaches such as ATES, BTES, latent heat sys-
tems, and thermochemical storage have been studied, the literature still lacks a detailed
multiyear evaluation of compact, shallow, soil-based sensible TES systems that are directly
integrated with solar thermal collectors and operated under realistic climatic and residen-
tial heating conditions. Existing work typically examines small prototypes, single-season
simulations, or storage concepts that rely on deep boreholes or large water tanks, leaving
a gap in understanding how a shallow, sand-filled TES behaves under repeated annual
charging and discharging cycles. The present study addresses this gap by developing a
fully coupled, three-dimensional numerical framework in COMSOL Multiphysics that
models the solar collector field, the 300 m3 sand-based TES, the surrounding ground, and
an A+ class residential building as an integrated energy system. A central contribution of
this work is the application of an iterative solar-TES co-design methodology, through which
the collector area, TES geometry, and operating strategy are refined based on the evolving
thermal behavior of the system. This modelling approach enables, for the first time, a de-
tailed assessment of long-term thermal interactions between the TES and surrounding soil,
including the emergence of a thermally conditioned near-field region that modifies local
heat transfer behavior over successive years. In doing so, the study provides a technically
rigorous and previously unavailable insight into the design and long-term feasibility of
compact, low-cost, soil-based seasonal storage solutions for residential heating.

2. Computational Modeling
The methodological workflow adopted in this study is summarized through the follow-

ing sequential steps: First, the solar thermal collector field was characterized analytically
using standard efficiency equations to estimate the useful thermal power and seasonal
charging potential. Second, an iterative sizing procedure was carried out to determine the
required absorber area, TES volume, insulation thickness, and embedded pipe length based
on seasonal energy requirements and preliminary loss estimates. Third, the finalized design
parameters were implemented in a coupled 1D-3D COMSOL Multiphysics model, where
the pipe network was treated as a 1D consecutive domain and the sand storage region as a
full 3D transient conduction domain. Fourth, realistic boundary conditions, including solar
input, ambient weather data, ground temperature profiles, and building heating demand,
were applied to simulate charging and discharging operations. Finally, the model was
run over three consecutive annual cycles, with the temperature field of each year used
as the initial for the next. This structured workflow enables a consistent evaluation of
storage performance, thermal losses, and long-term soil-TES interactions under realistic
operating conditions.

2.1. System Design and Sizing

The present study investigates the seasonal operation of a soil-based thermal en-
ergy storage system integrated with solar thermal collectors and coupled to an A+ class
residential building in Kaunas, Lithuania (Figure 2). The system is considered within
three annual cycles, where storage is charged by solar energy during the warm season
(March to September) and discharged to meet the building’s space-heating demand during
the cold season (October to February). The methodology introduces an explicit treatment of
long-term storage behavior by accounting for heat losses during the charging/discharging
period and evaluating the extent to which the available storage can satisfy the heating
demand in winter.
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Figure 2. Scheme of sand-based TES below the building coupled with solar thermal collectors for
heat storage.

The thermal output of the flat-plate solar collectors was determined analytically
based on the parameters summarized in Table 1. The collector characteristics, including
geometric dimensions, optical properties, and thermal loss coefficients, were adopted
from the certified solar Keymark values. These parameters were applied in the standard
efficiency equation defined by ISO 9806 [42], which relates incident solar irradiance, optical
efficiency, and heat loss coefficients to the useful collector output. Representative solar
irradiance data for Kaunas, Lithuania, were obtained from the PVGIS database developed
by the Joint Research Center of the European Commission [43]. The dataset provides the
normal irradiance (DNI), diffuse horizontal irradiance (DHI), and the resulting global
tilted irradiance (GTI) for a 40◦ south-facing surface. For Kaunas (54.8834◦ N, 23.8349◦ E),
the typical annual GTI ranges between 1150 and 1250 kWh/m2, with DNI contributing
approximately two-thirds and DHI one-third of the total [44,45]. These values were used
directly in the calculation of the collector’s thermal power. During the dark period, the solar
irradiance is zero, and fluid circulation through the collector is therefore interrupted. As a
result, the collector fluid cools to near-ambient temperature due to environmental losses.
This control strategy prevents reverse heat transfer from the TES back to the environment,
reflecting the practical operation of solar thermal systems.

Table 1. Flat-plate solar collector parameters used in the study [46–48].

Parameter Value Symbol Unit

Gross collector area 2.0 Agross m2

Aperture/absorber area 1.8 Aabs m2

Tilt angle 40 β Degree
Azimutrh (south = 0) 0 γ Degree

Absorptance 0.95 τα -
Emittance <0.10 ε -

Glazing transmittance 0.90 τglass -
Insulation thermal conductivity 0.035 λcoll,ins W/m·K
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Table 1. Cont.

Parameter Value Symbol Unit

Optical efficiency 0.76 ηo -
First-order loss coefficient 4.07 a1 W/m2·K

second-order loss coefficient 0.02 a2 W/m2·K2

Mean temperature difference 45 ∆Tc-a K
Operating-point efficiency 0.53 ηcoll -

Reference irradiance 1000 Gref W/m2

A seasonal sizing relation was applied to determine the absorber area required to
charge the TES. The gross charging requirement, Etarget, includes both the useful building
demand and the thermal losses of the TES, which are quantified through simulations. The
collector area at iteration n was expressed in Equation (1).

An
coll,total =

En
target

ηcollEs
(1)

where An
coll,total is the total Absorber area of the collector field at iteration n (m2), En

target is
the gross seasonal charging requirement at iteration n (kWh), Es is the cumulative tilted
irradiation over the charging season (kWh/m2).

The minimum number of collectors (Ncoll) required in the solar field was then deter-
mined using Equation (2).

Ncoll ≥
An

coll,total

Aabs
(2)

Since the actual TES losses are unknown beforehand, the gross seasonal charg-
ing requirement was determined iteratively using Equation (3). After each simulation,
the seasonal losses were calculated and added to the building demand to update the
requirement accordingly.

En+1
target = Eb + En

loss (3)

where Eb is the heating demand of the building (kWh), En
loss is the seasonal TES losses

obtained from the nth simulation (kWh).
The useful thermal power of the collector field is given in Equation (4) below.

Pcoll(t) =NcollAabs

[
ηoG(t)− a1(Tf,m(t)− Ta(t))− a2(Tf,m(t)−Ta(t))

2
]

(4)

where G(t) is the global irradiance on the tilted plane of 40◦ (W/m2), ηo is the optical
efficiency given in Table 1 (-), a1 is the first-order thermal loss coefficient given in Table 1
(W/(m2·K)), a2 is the second-order thermal loss coefficient given in Table 1 (W/m2·K2),
Tf,m(t) is the mean fluid temperature in the collector ((Tcoll,flu,out(t) + Tcoll,flu,in(t)/2), (K),
Tcoll,flu,out(t) is the time-dependent collector outlet temperature (K), Tcoll,flu,in(t) is the time-
dependent collector inlet temperature (K), Ta(t) is the ambient air temperature (K).

The heated working fluid in the solar collectors subsequently transports the captured
thermal energy to the underground TES. A water-propylene glycol mixture with a 33.3%
concentration was selected as the heat transfer medium, as it provides stable operation
under varying climatic conditions [49]. The fluid has a density of ρfl = 1034 (kg/m3) and a
specific heat capacity of Cp,f = 3600 (J/(kg·K)). The circulation loop operates at a system
pressure of four bars, with a total fluid volume of 19.8 L and an average volumetric flow
rate of

.
v = 288 (L/h) [50]. The simultaneous energy rise (∆Tf) in the circulating fluid from
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the collector output and carried to the TES domain, assuming that all the useful heat gained
by the absorber is transferred to the fluid stream, is given in Equation (5).

∆Tf = Tcoll,flu,out(t)− Tcoll,flu,in(t) =
Pcoll(t)
.
vρflCp,f

(5)

The volume of the heat storage (TES) is directly related to the maximum amount of
heat that must be charged into the accumulator. The sand with humidity (µsand = 10%),
density (ρsand = 1800 kg/m3), and heat capacity (Cp,sand = 1200 J/(kg·K)) was selected as the
storage medium. The change in the storage temperature is a crucial parameter for the long
operation of the thermal storage system. Excessive temperature increase leads to greater
heat losses through the surrounding boundaries of TES, while too small a temperature
difference limits the storage capacity. Therefore, in this research, the design temperature
rise was assumed to be ∆T = 50 ± 2.5 ◦C to maintain a practical balance between stored
energy and thermal losses. The storage volume (Vn

sand) was evaluated (Equation (6)) from
the sensible-heat retention using the iteratively defined seasonal charging requirement.

Vn
sand =

En
target

ρsandCp,sand∆T
(6)

where ρsand is the density of the sand (kg/m3), Cp,sand is the specific heat of the sand
(J/(kg·K)), ∆T is the temperature difference between the maximum storage temperature
and its initial equilibrium ground temperature (K).

To ensure that the designed thermal energy storage (TES) volume can be effectively
charged and discharged, the embedded pipe network must provide sufficient heat transfer
capacity. To achieve the required heat exchange intensity, both the materials and the pipe
dimensions were carefully selected. Copper was chosen for its high thermal conductivity,
which supports efficient heat transfer between the circulating heat transfer fluid and the
surrounding sand [51]. The selected pipe was DN20 with a wall thickness of 1 mm (inner
diameter d1 = 0.02 m, outer diameter d2 = 0.022 m). Under the assumed laminar flow regime,
the internal heat transfer coefficient from the fluid to the pipe wall was approximately
h1 = 70 (W/(m2·K)). These properties were included in the COMSOL model to capture the
coupled conduction process within the system. The required pipe length (Lpipe) was then
estimated from Equation (7).

Ln
pipe =

1
π

Pn
TES[(

1
hind1

+ 1
2λcu

ln d2
d1

)]−1(
Tf,m − Tavg,sand

) (7)

where λsand is the thermal conductivity of the sand (W/(m·K)), Tavg,sand is the average
temperature of the sand in TES (K).

All the generated solar heat is delivered to the underground storage through the
buried pipe network. The thermal power stored (PTES) in the sand over the charging
interval can be calculated by Equation (8).

PTES(t) =
1
t
ρsandVn

sandCp,sand

(
Tsand,t(j+1)

− Tsand,t(j)

)
(8)

where Tsand,t(j+1)
; Tsand,t(j) is the soil temperature at jth and j + 1th moment of time t (K).

In underground thermal energy storage, the surrounding ground acts as a continuous
heat sink, and without protective measures, seasonal charging would dissipate before the
energy could be recovered. To suppress this long-term leakage, the TES was enclosed on all
four sides with a thermal insulation layer. An initial estimate of insulation thickness (δ1

ins)
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was obtained by constraining conductive losses to the allowable design margin. Using
a steady-state conduction approximation, the starting thickness was calculated by using
Equation (9).

δ1
ins =

λinsAtotal∆Ttcharge

∅maxEb
(9)

where ∅maxEb is the maximum tolerable seasonal loss, expressed as a fraction of the
building demand Eb (kWh), λins is the thermal conductivity of insulation (Phenolic foam)
(W/m·K), Atotal is the total insulated surface area (m2), tcharge is the duration of the storage
period considered for heat loss (s), ∅max is the maximum allowable seasonal loss fraction,
a design constraint, often taken as 0.20–0.30 of the building demand, following [52].

For each candidate thickness (δn
ins), the annual cycle was simulated, and the seasonal

loss fraction (ηn
loss) was evaluated using Equation (10).

ηn
loss = 1 − PTES(t)

Pcoll(t)
(10)

The gross seasonal charging requirement was then updated iteratively in Equation (3),
where En

loss is given in Equation (11)

En
loss = ηloss(n)

∫ tf

t0

Pcoll(t)dt (11)

where t0 is the start time of the charging (s), tf is the finish time of the charging (s).

2.2. Numerical Simulation Using COMSOL Multiphysics

The numerical model was implemented in COMSOL Multiphysics version 6.1. The
three-dimensional sand domain was simulated using the Heat Transfer in Solids interface.
At the same time, the embedded pipe network was represented using a coupled one-
dimensional heat transfer-in-pipes formulation, ensuring continuity of temperature and
heat flux at the pipe-sand interface (Figure 3). The governing equations were discretized
spatially using the finite element method (FEM). Transient simulations were performed
using COMSOL’s time-dependent solver, which employed an implicit backward differen-
tiation formula (BDF) scheme with adaptive time stepping. Nonlinearities arising from
temperature-dependent coupling were resolved using a Newton-Raphson method, and
the resulting linear systems were solved using COMSOL’s default sparse direct solver
(PARDISO). The final design parameters summarized in Table 2 were applied as boundary
and initial conditions to simulate TES dynamics and thermal losses throughout the charging
and discharging cycles.

Table 2. Final design parameters.

Parameters Symbol Value Unit

Total collector absorber area Acoll,total 17.8 m2

Number of flat-plate collectors Ncoll 10 units
TES volume Vsand 300 m3

Design Temperature swing ∆T 50 ± 2.5 C
Insulation thickness δins 0.25 m

Total pipe length Lpipe 390 m
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Figure 3. COMSOL model of sand-based TES used for numerical simulation.

A three-dimensional sand domain measuring 12 m in length, 10 m in width, and 2.5 m
in depth, computing the total volume of Vsand = 300 m3, was constructed in COMSOL. A
0.3 m thick concrete foundation was included to support the building floor, and the entire
foundation was enclosed with a 0.25 m thick insulation of phenolic foam to minimize heat
losses. The insulated cavity was filled with sand, which served as the primary storage
medium. The thermal behaviour of the sand was governed by a transient heat-conduction
equation, which describes the temporal variation in internal energy together with conduc-
tive redistribution across the sand layers. Equation (12) represents transient heat conduction
in the sand-based TES formulated according to Fourier’s law for a homogeneous medium,
which reflects the non-uniform heating characteristics of the TES, where near-surface re-
gions respond quickly to heating, intermediate depths regulate the transfer rate, and the
deep layer acts as a long-term reservoir.

ρsandCp,sand
∂Tsand

∂t
= ∇·(λsand∇Tsand) + Q (12)

where Tsand is the temperature field within the sand domain (K), t is the time representing
the transient simulation (s), ∇·(λsand∇Tsand) is the conductive heat flux (W/m3), Q is the
volumetric heat source (W/m3).

The numerical approach employed in this study follows the same modelling method-
ology previously validated in an experimental-numerical investigation. In that work,
soil temperature evolution and heat flux behaviour were measured and compared with
COMSOL Multiphysics simulations, and good agreement was achieved under both steady
and transient conditions. Although the present test model uses a different geometric con-
figuration and boundary conditions, the physical formulation, including transient heat
conduction in soil, material definitions, and numerical solution strategy, is identical. There-
fore, the prior experimental comparison provides validation for the modelling framework
applied here, confirming that the approach reliably represents soil heat-transfer processes
relevant to seasonal TES [53].

In addition to the vertical redistribution of heat between adjacent layers within the
storage volume, part of the energy is inevitably dissipated through the external boundaries
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of the TES into the surrounding ground. The relative share between inter-layer transfer
and the boundary leakage is determined by the effective thermal resistance along the
two pathways. While inter-layer conduction is governed by the intrinsic conductivity
of the filler and discretization depth, boundary leakage depends on the resistance of the
insulation layer in series with that of the adjacent soil. This representation enables explicit
quantification of the seasonal heat losses (Qloss(t)) through the insulating envelope as a
function of insulation thickness and material properties. The heat loss rate at different
times is calculated using Equation (13).

Qloss(t) =
∫ Ab

0

(
λins

δins
+

λg

δg

)(
Tavg,sand(t)− Tg(t)

)
dAb (13)

The corresponding cumulative seasonal heat loss (Qcumulative loss) is obtained using
Equation (14).

Qcumulative loss =

t∫
0

Qloss(t)dt (14)

where Ab is the total boundary surface area (m2), Tavg,sand(t) is the average temperature
of the sand at time t (K), Tg(t) is the external ground temperature at time t (K), δg is
the effective conduction distance through the surrounding ground (m), λg is the thermal
conductivity of the surrounding ground (W/(m·K)).

All the generated solar heat was transferred into the accumulator via the pipe network.
The selected copper pipe was arranged in three horizontal layers within the storage volume
to ensure uniform heat distribution. The layers were positioned at depths of 0.625 m,
1.25 m, and 1.875 m below the upper boundary of the storage cavity. Within each layer,
pipes were spaced 1 m apart and bent with a turning radius of 1 m to ensure practical
installations and acceptable hydraulic resistance [54]. The inlet and outlet manifolds
were positioned near the top of the storage, with their connections at a level of 0.3 m
below the surface, ensuring that the supply and return lines could be integrated without
disturbing the upper insulation and floor slab. This configuration yielded a total effective
pipe length of 390 m, resulting in improved exchanger effectiveness, mitigating local
thermal gradients, and enhanced robustness under seasonal variations, while remaining
hydraulically feasible [51]. This arrangement was implemented in the COMSOL model to
resolve transient conduction-convection coupling between the circulating fluid and sand
filler. Table 3 lists the adopted thermophysical parameters for soil layers, insulation, and
the copper pipe network.

Table 3. Thermophysical parameters of soil layers in the ground, insulation, and pipe
network [55–58].

Material Thermal Conductivity
[W/(m·K)] Density [kg/m3] Specific Heat Capacity

[J/(kg·K)]

Mould 0.45 1300 1800
Sandyloam 1.20 1600 850
Clayloam 0.55 1400 1400

Clay 0.80 1900 1500
Phenolic foam (Insulation) 0.018 40 1400

Copper pipe 390 8960 385
Sand (filler) 1.45 1800 1200

The thermal behaviour of the circulating fluid inside the embedded pipe network,
the governing balance was formulated along the pipe centreline. This one-dimensional
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(1D) treatment allows the small-diameter piping to be coupled with the three-dimensional
(3D) storage domain without incurring prohibitive meshing requirements. The balance
incorporates transient energy accumulation in the fluid, convective transport along the pipe,
conductive redistribution through the pipe wall into the surrounding sand, and hydraulic
dissipation expressed via a Darcy-Weisbach friction term. Convective heat transport along
the pipe centerline is given by the axial mean flow velocity, where the tangential velocity ut

used in the 1D formulation is taken equal to the axial velocity u. Heat exchange between the
pipe fluid and the surrounding sand is implemented through the pipe wall as distributed
heat flux, providing two-way thermal coupling between the 1D pipe domain and the 3D
solid storage domain while ensuring continuity of temperature and heat flux at the pipe-
sand interface. Hydraulic losses are evaluated using the Darcy friction factor fD, which
is defined based on the flow regime, under laminar flow conditions fD = 64

Re
, where the

Reynolds number is given by Re = ρfludh/µ. The governing energy equation is given in
Equation (15).

λf
∂2Tf,pipe

∂x2 +
1
2

fD
ρfl
dh

|u|u2 = ρflCp,f
∂Tf,pipe

∂t
+ ρflCp,fut

∂Tf,pipe

∂x
(15)

where Tf,pipe is the fluid temperature along the pipe axis (K), x is the axial coordinate along
the pipe (m), λf is the thermal conductivity of the fluid (W/(m·K)), fD is the Darcy friction
factor (-), dh is the hydraulic diameter of the pipe (equal to inner diameter for circular pipes)
(m), u is the average fluid velocity along the pipe (m/s), |u|u2 is the momentum-dependent
frictional dissipation (m3/s3), Cp,f is the specific heat capacity of the fluid (J/(kg·K)), ut is
the tangential velocity for convective transport (m/s), µ is the dynamic viscosity with a
value (3-5) × 10−3 (Pa·s) for a propylene water-glycol mixture.

3. Results
The annual space heating demand of the selected A+ energy class single-family

dwelling, with a heated floor area of 120 m2, was calculated using the Heating Degree Day
(HDD) approach based on the monthly average outdoor data representative of Kaunas
climatic conditions. The HDD method was selected because it offers a robust climate-based
estimate of seasonal heating demand and is commonly used in long-term TES studies
where the interest lies in seasonal rather than short-term load dynamics [59]. Converting
monthly demand into a continuous daily profile smooths short-term fluctuations and
cannot reproduce intra-day variability or peak loads; however, this level of discretiza-
tion remains appropriate for seasonal TES analysis, where system-level performance
is driven primarily by multi-month thermal behaviour and cumulative annual energy
balances [60,61]. The building envelope meets the requirements of STR 2.01.02.2016 for A+
energy class performance, with representative U-values of 0.11 W/(m2·K) for exterior walls,
0.09 W/(m2·K) for the roof, 0.13 W/(m2·K) for the ground-contact slab, and 0.85 W/(m2·K)
for high-performance triple glazing. These specifications correspond to an overall heat
loss coefficient of approximately 0.38 W/(m2·K) when ventilation and thermal bridges are
included. The model assumes a steady indoor temperature of 20 ◦C, supplied through a
low-temperature hydronic distribution system, consistent with seasonal TES operation. The
subsurface TES is located beneath the building, and accommodating sand storage volume
within the insulation layer and overhanging foundation on each side yields an effective
building footprint of approximately 145 m2. Although larger than the national average
functional dwelling area of 68.4 m2, this scale remains within the typical upper range of
modern detached houses in Lithuania, where private ownership accounts for nearly 98.6%
of the housing stock [62,63]. Hence, the selected case represents a realistic upper-bound
scenario for a modern, energy-efficient family house in Kaunas. The resulting monthly
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heating demand shows a steady increase from October, reaching its maximum in December
and January, and then declining toward March. The total space-heating requirement for
the cold season amounts to approximately Eb = 6459 kWh (Figure 4), which corresponds
well with measured data for an A+ class building in similar climatic conditions [63,64]. To
accurately represent this behaviour in the numerical model, the monthly heating demand
values were temporally discretized over each month to obtain a continuous daily heating
load function. This time-dependent load was then implemented as a boundary heat extrac-
tion condition in COMSOL during the discharge phase, allowing the simulation to replicate
the real dynamic interaction between the buildings’ variable heating requirements and the
thermal energy released from the storage system.

Figure 4. Monthly collector energy (red) and building heating demand (blue) for an A+ building in
Kaunas, Lithuania.

The solar thermal collector system was employed as the exclusive heat source for
charging the soil-based thermal energy storage unit. The specifications of the collector field
are given in Table 1. The collectors were mounted at a 40◦ inclination, corresponding to the
latitude of Kaunas (54.9◦ N). For fixed flat-plate collectors, global analyses demonstrate
that the optimum annual tilt for maximizing the annual irradiance lies close to site latitude,
or slightly adjusted depending on climate and seasonal distribution conditions. In the
present study, where charging is limited to the warmer months, a 40 tilt therefore provides
a balanced trade-off between optical efficiency during spring-autumn and realistic instal-
lation geometry [65–67]. The TES charging was set from March to September, when solar
altitude and daily irradiance levels are sufficiently high to ensure effective heat collection.
During this period, the system operates under the favorable solar geometry and extended
daylight hours, enabling stable thermal input to the storage. In contrast, from October to
February, the solar elevation angle remains low, typically below 20◦ in Kaunas, and the
combination of short days, low irradiance, and frequent cloud cover results in minimal
collector output, making winter months unsuitable for seasonal charging [68]. Throughout
the March-September period, the monthly solar energy incident on the collector surface
varied between 355 and 612 MJ/m2, yielding a cumulative irradiation of 3548 MJ/m2 corre-
sponding to Es = 985.6 kWh/m2 (Figure 4). Considering the collector area and efficiency,
the total thermal energy supplied to TES amounted to En

target = 9402 kWh. In the simulation,
the solar energy input was represented as a continuous, time-dependent thermal function,
derived by distributing the monthly irradiation over its respective duration. This function
was applied at the collector-TES interface in COMSOL.
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The numerical simulation was initiated in March, corresponding to the onset of the
TES charging season. The initial ground temperature distribution with depth was defined
using the Kusuda-Achenbach periodic ground temperature model, which describes the
annual variation in soil temperature with exponential damping in depth, consistent with
EN ISO 13370’s [69] treatment of periodic ground heat flow for building elements in contact
with ground. For Kaunas, the climatic values were obtained from the ASHRAE 2021 mete-
orological dataset embedded in COMSOL’s Ambient Properties module, corresponding
to the Kaunas weather station (No. 266290, 54.8834◦ N, 23.8349◦ E, 77 m above the sea
level). The ambient conditions, including outdoor dry-bulb air temperature, dew-point
temperature, wind speed, and precipitation rate, were sourced from this station and applied
as time-dependent variables throughout the simulation period. This ensured a realistic
coupling between the subsurface thermal field and the external climatic environment
of Kaunas.

At the upper boundary, representing the interface between the sand layer and over-
lying insulation, an adiabatic boundary condition was applied. This condition assumes
zero heat flux across the surface, based on the rationale that any upward heat released
from the TES contributes to the thermal balance of the building above rather than being
lost to the ambient environment. The initial temperature of the sand filler was assigned as
Tavg, sand = 20.0 ◦C, representing a physically justified assumption of the mean pre-heating
temperature of the storage medium at the beginning of the charging period. This provides
a stable baseline for simulating the subsequent charging and discharging cycles, reflecting
the average thermal state of the soil mass before active solar input begins.

At the beginning of the simulation, the average sand temperature was Tavg, sand = 20.1 ◦C
(Figures 5 and 6), while the surrounding soil temperature followed the natural ground
temperature profile representative of March in Kaunas. The heat loss rate (Equation (13)) at
this stage was Qloss = 229.9 W (Figure 5), representing weak conductive exchange between
the TES and the cooler surrounding soil. The temperature field at t = 0 d shows almost a
uniform temperature distribution, confirming that the system initially contained no stored
thermal gradients. Once solar energy began, the supplied energy was absorbed mainly by the
inner sand layers, while the outer boundaries remained close to the initial temperature. As a
result, the heat loss rate changes only marginally in this early phase. With continued charging,
the stored energy accumulated progressively, and the temperature difference between the
TES and the surrounding soil increased. By t = 122 d, the average sand temperature reached
Tavg, sand = 46.7 ◦C, and the temperature field (Figure 6) illustrates the formation of a thermal
front, a distinct region of elevated temperatures extending laterally and downward into the
adjacent sand layers. This expansion of the heated zone increased the thermally affected
volume and strengthened conduction through the sides and base, causing a marked rise in
the heat loss rate of Qloss = 538.3 W.

The maximum heat loss of Qloss = 685.5 W occurred at t = 193 d, when the average
sand temperature was at the peak of Tavg, sand = 59.0 ◦C (Figure 5). The temperature
field at this stage (t = 183 d) shows that the upper part of the sand layer contained the
highest temperature, forming a concentrated hot zone beneath the insulated interface, while
the sides and bottom regions exhibited lower temperatures where heat was conducted
toward the surrounding ground. This temperature stratification produced the strongest
lateral and vertical gradients, resulting in the peak conductive heat flux. After this point,
the system approached the quasi-steady condition, as the rate of energy gain and loss
became comparable.
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Figure 5. Variation of heat loss rate (red) of the TES and an average sand temperature (blue) over
three consecutive years.

Figure 6. Temperature field evolution in the sand-based TES at different time intervals during the
charging and discharging cycle of the first year simulation.

A potential concern in seasonal subsurface thermal energy storage is the influence
of elevated summer storage temperatures on indoor thermal comfort. In the present
system, this effect is mitigated by the complete enclosure of the sand-based TES with a
0.25 m thick phenolic foam insulation layer, which provides high thermal resistance and
effectively decouples the storage from the occupied space above. Heat transfer toward
the building occurs only by conduction and is strongly attenuated by the insulation and
floor slab, resulting in slow, diffusive heat transfer with short-term temperature peaks.
Since TES charging occurs on a seasonal timescale, while indoor comfort is governed
by short-term gains and ventilation, the elevated sand temperatures during summer do
not cause measurable increases in indoor air temperature or deterioration of occupant
thermal comfort.

After the temperature peak, the TES continued to receive solar input during the final
stage of the charging period. During this period, the available solar irradiance gradually
decreased compared with the preceding summer months, resulting in reduced thermal
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energy input from the collector field. As the TES had already attained a high tempera-
ture, the driving thermal gradient for further charging became smaller, which limited the
amount of additional heat that could be absorbed. Consequently, a portion of the supplied
energy was spent compensating for conductive losses and redistributing heat within the
sand volume, leading to a slight decline in the average temperature of the sand reaching
Tavg, sand = 56.8 ◦C by t = 213 d.

The temperature field at t = 244 d shows the discharging phase, when stored energy
was gradually supplied to the building for heating. The average sand temperature at
this stage was Tavg, sand = 46.3 ◦C, and the heat loss rate had decreased to Qloss = 528.5 W.
The upper sand region had already begun cooling more rapidly due to continuous heat
extraction, while the middle and lower zones retained higher temperatures. This inversion
of the vertical temperature gradient marks the shift from heat accumulation to controlled
release. Between t = 244 d and 305 d, the average sand temperature declined further
from Tavg, sand = 46.3 ◦C to Tavg, sand = 28.6 ◦C, while the heat loss rate dropped from
Qloss = 528.5 W to Qloss = 301.4 W, respectively. The temperature field at t = 305 d shows
that the upper and near-surface layers cooled quickly, influenced by both heat supply to the
building and enhanced convective cooling of the ground surface under winter conditions,
characterized by low ambient air temperature and higher wind velocity. Conversely, the
bottom layers experienced much slower cooling, as heat dissipation there was governed by
gradual conduction through the underlying soil.

This simultaneous contrast- rapid cooling at the upper zone and slow dissipation at
depth, created a reverse vertical temperature gradient, opposite to that formed during
the charging. The TES thus behaved as a progressively depleting heat reservoir, releas-
ing energy sequentially from the upper to lower layers. By t = 365 d, the average sand
temperature has fallen to Tavg, sand = 18.1 ◦C (Figure 5), and the heat loss rate reached
Qloss = 174.5 W, confirming that the stored energy had been utilized for building heating.
The slightly lower average temperature of the sand at the end of the first cycle is attributed
to continued conductive heat loss to the surrounding soil during the discharge phase.
While most of the stored energy was supplied to the building for heating, a smaller fraction
continued to dissipate through the side and bottom boundaries, resulting in a minor reduc-
tion in the residual temperature of the sand by the end of the year. The cumulative heat
loss during the first year, calculated using Equation (14), reached 3309.5 kWh, 35.2% loss
(Equation (10)).

Following the completion of the first annual cycle, the TES simulation was extended for
two additional operational cycles, using the final temperature field of each cycle as the initial
condition for the subsequent one. During the second year cycle, the maximum average sand
temperature increased to Tavg, sand = 61.4 ◦C by t = 564 d, while the corresponding peak heat
loss rate decreased to Qloss = 636.5 W compared with the previous cycle. This combination
of higher internal temperature and lower heat flux indicates that as the surrounding soil
warmed from the preceding operation (Figure 7), the temperature gradient at the TES
boundaries decreased, reducing conductive leaks to the ground. Consequently, a greater
fraction of the supplied solar energy was retained inside the storage instead of reheating the
peripheral soil. At the end of this cycle. The average sand temperature increased to 19.6 ◦C,
slightly higher than that of the first cycle, indicating a small but measurable improvement
in residual heat retention. The cumulative heat decreased to 2924.0 kWh (31.1%) compared
to the first year’s cycle.
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Figure 7. Temperature distribution within the TES and surrounding soil at the end of each annual
cycle over three consecutive years.

In the subsequent cycle, the peak average sand temperature rose further to
Tavg, sand = 62.7 ◦C by t = 941 d, with a maximum heat loss rate of Qloss = 587.5 W. The
cumulative heat loss for this cycle was 2529.1 kWh (26.9%), confirming continued improve-
ment in thermal retention. The obtained peak sand temperatures of 59.0–62.7 ◦C fall within
the typical operating range reported for solar-charged seasonal thermal energy storage
systems used for low-temperature space heating. Likewise, the predicted annual conduc-
tive heat loss fractions of 35.2% in the first cycle and 26.9% after thermal conditioning are
consistent with values reported for shallow and insulated subsurface TES systems, where
losses strongly depended on insulation strategy, geometry, and climatic conditions. The
observed trend of decreasing losses over successive years is therefore physically consistent
with independent literature data [7,14,19]. The average sand temperature reached 21.3 ◦C
at the end of this cycle, showing a gradual upward shift in the baseline storage tempera-
ture. This behavior reflects the establishment of a thermally conditioned zone around the
TES (Figure 7), where the surrounding soil maintains a moderately elevated temperature
compared to deeper, undisturbed layers.

4. Economic Analysis of Proposed Sand-Based TES
A simplified cost comparison was conducted to highlight the economic position of

the sand-based TES proposed in this study relative to a conventional water-based seasonal
storage operation, such as tank-type TES (TTES), and aquifer TES (ATES). Sand storage is
structurally simple and relies on locally available backfill material, with typical sand prices
of €10–20 per m3 as reported by the EU construction aggregate market [70]. Phenolic foam
insulation is commercially priced at €180–250 per m3 according to European insulation
manufacturers [71]. Including excavation and embedded piping, typical European installa-
tion cost databases indicate that 300 m3 sand TES can be constructed for approximately
€12,000–18,000, depending on local labor and soil conditions [72].

In contrast, TTES systems require pressurized or reinforced tanks, corrosion-resistant
lining, stratification management, freeze protection, and periodic maintenance. For a ther-
modynamically consistent comparison, the cost assessment must be based on equivalent
thermal energy rather than equal storage volume. Due to the significantly higher volumet-
ric heat capacity of water, an energy storage capacity equivalent to the 300 m3 sand-based
TES investigated in this study can be achieved with a water tank volume of approximately
100 m3 for a comparable operating temperature range. International assessment from
IEA-ETSAP and IRENA shows TTES costs of €150–300 per m3, translating to €15,000–30,000
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for an energy-equivalent water-based seasonal storage system [73]. ATES installations,
while not requiring tanks, involve hydrogeological investigation, drilling, groundwater
permitting, pumping infrastructure, and monitoring systems. Multiple European studies
report ATES capital investments in the range of €100,000–250,000, making such systems
viable mainly at the district scale [74].

Borehole Thermal Energy Storage systems require drilling of a borehole equipped
with U-tubes, and their cost is dominated by drilling depth and geological conditions.
European solar-district-heating data indicate a typical drilling cost of €50–80 per meter of
borehole, depending on soil/rock hardness and field configuration [75]. For large seasonal
systems, cost analysis from completed projects shows total BTES field investment commonly
exceeding €150,000, as reported in international TES cost comparisons [76]. These higher
capital requirements, combined with land area needs, place BTES economically closer
to ATES.

5. Conclusions
This study presents a detailed multi-year numerical investigation of a soil-based

thermal energy storage system integrated with solar thermal collectors, developed through
an iterative methodology that coupled insulation design, solar energy availability, and
long-term heat loss evaluation. Over the simulated three-year operation, the TES exhibited
clear evidence of progressive thermal adaptation. The surrounding soil gradually warmed,
acting as a secondary heat sink that reduced the boundary temperature gradients and
mitigated the conductive losses. Concurrently, in the simulated temperature fields, a
vertical thermal stratification pattern was observed, with heat predominantly concentrated
in the upper sand layers during charging and gradually extending downward as the storage
volume warms. During discharging, the temperature distribution reversed smoothly,
allowing sequential and stable heat extraction. However, this aspect offers scope for further
refinement of the system.

The observed multi-year performance demonstrated cumulative improvement in
storage efficiency. The peak sand temperature increased from 59.0 ◦C in the first cycle to
62.7 ◦C in the third cycle, while the corresponding maximum heat-loss rate declined from
685.5 W to 587.5 W, respectively. This behaviour indicates that progressive warming of
the surrounding soil reduced the boundary temperature gradient, lowering conductive
losses and enhancing internal heat retention. Consequently, cumulative annual heat losses
decreased from 3309.5 kWh (35.2%) in the first cycle to 2529.1 kWh (26.9%) in the final
year. Therefore, these findings emphasize the practical potential of soil-based TES as a cost-
effective and sustainable solution for residential heating in cold climates. The synergetic
interaction between the TES, insulation, and near-field soil produces a self-stabilizing,
repeatable annual operating regime that maximizes the utilization of the 9402 kWh solar
input without the need for deep drilling or complex components. The use of locally
available sand supports sustainable construction practices and reduces environmental
footprint and contributing to the decarbonization of building heating systems.

From the economic analysis, it is clear that different TES technologies present dis-
tinct structural and operational requirements that influence their suitability for residential
applications. When compared with other seasonal storage solutions, the sand-based
TES demonstrates a balanced combination of technical performance and implementation
simplicity. ATES and BTES systems generally offer higher storage efficiency but require
specialized geological conditions, drilling operations, and more complex infrastructure.
Tank-type TES provides excellent thermal control but involves substantially higher con-
struction demands, long-term maintenance needs, material durability constraints, and
system complexity. In contrast, the sand-based TES operates with minimal site constraints
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and reduced system complexity, while still achieving stable multi-year performance and
progressive loss reduction, making it a practical option for residential-scale seasonal storage
in cold climates.

In addition to the system-level and techno-economic optimization, future research may
also focus on material-level enhancements of thermal accumulators. Recent studies indicate
that nano-composite-based heat storage materials, particularly those modified with carbon
nanotubes, graphene derivatives, or metallic nanostructures, can significantly enhance
effective thermal conductivity and controllability of heat transfer while maintaining energy
storage capability. Such advances could improve charging and discharging rates and
reduce internal thermal resistance in next-generation thermal energy storage systems.
However, challenges related to material cost, long-term thermal stability, scalability, and
environmental compatibility currently limit their applications, especially for building-scale
and seasonal storage, and therefore require further investigation [77].
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