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A B S T R A C T

Seasonal heat accumulation provides various advantages. The primary benefit is the ability to generate heat with 
maximum capacity under optimal conditions, store the thermal energy, and retain it until the highest needs are 
met. Natural and environmentally sustainable resources, such as soil, are promising materials for heat storage. 
This study investigated the feasibility of utilising the thermal energy generated by solar collectors from spring to 
autumn to heat a private building during the cold period. The proposed method involved storing heat in the soil 
beneath the building, isolating it from the surrounding ground. Heat dissipation in a limited soil volume was 
experimentally studied. The high inertia of the processes and changes in soil temperature fields, depending on 
the charge level of the thermal energy storage system, complicate the assessment of its state. Numerical studies 
have shown that the average soil temperature of the accumulator is more suitable for controlling the connection 
of solar collectors to the storage system than the outlet fluid temperature of the heating device, which is currently 
the primary method used in practice. Depending on the charge level, defined by the average soil temperature, the 
daily operating time of solar collectors for soil charging decreases, reducing the charging potential. In June, this 
reduction is less than one per cent, while in less favourable periods, such as September, it can reach about five 
per cent. This should be taken into account in design calculations.

1. Introduction

The increasing demand for sustainable energy solutions has driven 
extensive research into thermal energy storage (TES) systems to balance 
energy supply and demand effectively (Bogdanov et al., 2021). Ac
cording to the International Energy Agency (IEA), total global energy 
supply is projected to rise by 30% between 2020 and 2050 in their 
STEPS scenario. While energy consumption is emerging and developing 
econiomies is expected to grow by approximately 50%, driven by eco
nomic growth and population expansion (“Net Zero by, 2050: A Road
map for the Global Energy Sector”, 2025). In 2022, global electricity 
demand increased by 2.4%, following a record 6% increase in 2021 
(“Global electricity demand growth is slowing, weighed down by eco
nomic weakness and high prices - News - IEA.”, 2025). The share of 
renewable energy in the global electricity mix is projected to grow from 
29% to 35% by 2025, intensifying the need for efficient storage systems 
to manage intermittency associated with solar and wind resources 

(“Executive summary – Electricity Market Report, 2023 – Analysis - 
IEA.”, 2025). Accordingly, the International Renewable Energy Agency 
projects that the deployment of energy storage, including TES, must 
grow 17 times by 2030 to support the widespread integration of re
newables (“Tripling renewable power and doubling energy efficiency 
by, 2030: Crucial steps towards 1.5◦C.”,2025).

Seasonal thermal energy storage systems have garnered considerable 
attention among various thermal energy storage systems. These systems 
capture and store energy during periods of excess supply, such as sum
mer, and supply it when demand is higher, such as during winter (Bolton 
et al., 2023). Thermal energy storage technologies are broadly classified 
into three main mechanisms: sensible heat storage, latent heat storage, 
and thermochemical storage (Yang et al., 2021; Arabkoohsar, 2023). 
Sensible heat storage using materials such as rock, water, and soil has 
been extensively explored due to its reliability and technological 
maturity, although realistic modeling on underground boundary con
ditions and long-term heat losses remains critical for improving 
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efficiency (Saleem et al., 2022; Koçak et al., 2020). Latent heat storage 
(LHS) leverages phase change materials and offers a higher density by 
storing the heat during material phase transitions (Salunkhe and Jaya 
Krishna, 2017). Despite its promise, LHS systems are currently suited to 
short-term applications due to the stability issues of PCMs over long 
periods (Jouhara et al., 2020). In contrast, thermochemical storage 
presents high storage potential with minimum thermal losses, as it relies 
on reversible chemical reactions (Bao and Ma, 2022). Though feasibility 
studies have demonstrated their effectiveness in smaller-scale, short-
term settings, they are still under development for large-scale, seasonal 
applications (Steinmann, 2021).

Sensible heat storage technologies stand out for their simplicity, cost- 
effectiveness, and advancement compared to other alternatives (Seyitini 
et al., 2023). Among these underground thermal energy storage (UTES) 
systems, such as the aquifer thermal energy storage systems (ATES) and 
the borehole thermal energy storage (BTES) systems, are particularly 
notable for practical application (Brown et al., 2024). ATES systems 
store thermal energy in natural groundwater reservoirs through seasonal 
injection (Pourahmadiyan et al., 2023). ATES is especially prevalent in 
countries such as the Netherlands, which hosts 85% of global ATES in
stallations, and Sweden, with Belgium and Denmark, hosting about 9% 
of global ATES systems (Fleuchaus et al., 2018). With storage capacities 
ranging from 10 GWh to over 100 GWh, ATES is a key player in district 
heating and cooling applications (Sadeghi et al., 2024). However, its 
deployment is limited by the availability of suitable aquifers and the 
need for strict environmental management (Stemmle et al., 2024). The 
Borehole Thermal Energy Storage (BTES) system offers an alternative 
approach by utilising vertical wells drilled into the ground, typically 
between 50 and 150 m deep, where heat exchangers circulate fluid to 
store heat in the surrounding rock or soil. The storage heat is recovered 
during winter to meet the demand (Ahmadfard and Baniasadi, 2025). 
Notable implementations such as the Drake Landing Solar community in 
Canada demonstrate a high solar fraction approaching 90%with ca
pacities between 5 and 30 GWh. BTES is widely used for residential and 
district heating in suburban and rural regions (Sibbitt et al., 2012). 
However, these systems are challenged by high installation costs due to 
drilling and the complexity of networked heat exchangers, which can 
impact their economic feasibility for smaller applications (Lanahan and 
Tabares-Velasco, 2017; Sass et al., 2024).

Pit Thermal Energy Storage (PTES) systems use large insulated pits 
filled with water or gravel-water mixtures. Solar collectors heat water in 
summer and winter, extracting stored heat to meet heating demands 
(Sadeghi et al., 2024). PTES systems are increasingly popular in Scan
dinavian countries such as Denmark, where district heating networks 
integrate them seamlessly. For example, the Master PTES plant in 
Denmark, with a storage capacity of 75,000 m3, plays a crucial role in 
meeting local heating requirements (“Large Scale solar heating in Mar
stal.”, 2025). Despite their growing adoption, PTES systems require 
significant land and incur upfront costs for excavation and water man
agement, making them less suitable for areas with limited surface (Xiang 
et al., 2022). Tank thermal energy storage (TTES) systems use insulated 
tanks filled with water, often above the ground. During summer, excess 
heat from solar collectors or other sources heats the water in tanks, and 
in winter, this heat is released to provide heating (Hua et al., 2023). 
TTES has been successively implemented in industrial and small-scale 
heating applications, with a capacity ranging from 1 to 20 GWh. One 
notable example is the Vojens solar district heating system in Denmark, 
which features a 13,000 m3 tank to sustain the network (“Large-scale 
thermal storage pit.”, 2025). However, TTES systems face challenges 
such as limited scalability, aesthetic constraints, and zoning restrictions, 
which may constrain their wider adoption (Sarbu and Sebarchievici, 
2018).

The soil is increasingly recognised as a viable medium for thermal 
energy storage due to its availability, cost-effectiveness, and substantial 
heat retention capabilities (2016 7th India International Conference on 
Power Electronics IICPE, 2016). Thermal performance is strongly 

influenced by soil type, moisture content, and environmental condi
tions, affecting conductivity, heat capacity, and density (Abu-Hamdeh 
and Reeder, 2000a). Compared with conventional storage media, soil 
enables scalable and building-integrated seaspnal storage concepts, 
making it an innovative option for enhancing energy efficiency in 
various systems (Tawalbeh et al., 2023). As for underground Thermal 
Energy Storage using soil, many authors have studied underground 
energy dynamics to evaluate the feasibility of using the soil as an option 
for seasonal heat storage (Walker et al., 1979; Gabrielsson et al., 2000; 
Zhang et al., 2015a).

K. Xiong et al (Xiong et al., 2023). researched a model to accurately 
estimate soil thermal conductivity based on soil saturation, addressing 
the challenges of time and effort in obtaining this key parameter for 
applications like heat pumps, groundwater withdrawal, and soil-based 
heat storage. The model uses a linear expression for dry soil thermal 
conductivity and a geometric mean for saturated soil conductivity, with 
a quadratic function to cover values between these limits. When tested 
against five established models and measured data from 51 soil samples, 
ranging from sand to silty clay loam, the model showed strong accuracy, 
proving effective across diverse soil types and moisture levels. In related 
research, solar-ground coupled heat pumps with a seasonal storage 
system in cold regions. The researchers calculated soil temperature 
distribution and thermal influence radius of storage wells using a line 
heat source model and FLUENT software under various soil conditions 
during the non-heating season. Also, different types and sizes of sand 
affect the thermal conductivity of backfill material. Results indicate that 
heat initially diffuses quickly in the soil but slows as storage time in
creases (Zhou et al., 2021).

The effects of water phase changes on soil thermal properties were 
discussed by various authors, emphasising the interaction between 
moisture and heat transfer. Multiple algorithms have been studied to 
assess soil heat exchange and storage capabilities, with the Duct Ground 
Heat Storage model being the most prominent. Originally developed by 
Hellstrom in 1989, the Duct Ground Heat Storage model was adapted for 
TRNSYS simulations by Nordell and Hellstrom in 1996. While complex 
in structure, Duct Ground Heat Storage is computationally efficient and 
has become a benchmark method for simulating underground heat 
storage systems, particularly suited for modelling large, compact heat 
storage setups with underground tubes (Sarlos et al., n.d). Transport of 
Unsaturated Groundwater and Heat (TOUGH) was developed by re
searchers at Lawrence Berkeley National Laboratory, which codes to 
study subsurface heat flow in porous media (“TOUGH: Suite of Simu
lators for Nonisothermal Multiphase Flow and Transport in Fractured 
Porous Media - TOUGH.”, 2025). Pruess later expanded TOUGH to 
include equations to solve multiphase and multicomponent heat flow. 
However, its application to high-temperature ground thermal energy 
storage systems (up to 90 ◦C) remains unexplored (Pruess, 2004). An 
integrating modelling platform, GeoSiam, has been employed to 
examine fluid dynamics, geochemistry, and geomechanics in 
geothermal storage. Perego analysed a borehole thermal energy storage 
using GeoSiam in 15 vertical boreholes, identifying thermal imbalance 
due to varied geological layers, particularly those with low thermal 
properties (Chapuis and Bernier, 2009; “User Manual for GeoSIAM 
Software Version 2.0 - RSE.”, 2025).

To solve energy imbalance and reduce heating costs, underground 
insulated thermal energy storage systems are increasingly being 
explored for residential heating applications. A study has investigated 
solar-assisted shallow soil storage beneath the greenhouses, showing 
moderate thermal performance across growing seasons. However, the 
application was restricted to agricultural use and short-term buffering 
rather than long-duration seasonal storage (Zhang et al., 2015b). 
Another study of underground soil-based TES of 900 m3 for a Danish 
housing project was analysed. The system was charged via PV-power 
air-source heat pump, demonstrating seasonal storage feasibility, but 
in a building-scale context with different boundary conditions than 
insulated and without direct solar-thermal coupling (Jradi et al., 2017). 
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Recent reviews have emphasized the importance of compact, 
well-insulated storage concepts capable of direct integration with solar 
thermal systems under real climatic boundary conditions. These works 
collectively highlight the need for enhanced system-level optimisation, 
including control strategies and realistic boundary conditions, to 
improve seasonal efficiency and reduce auxiliary energy demand (I. I. 
Renewable Energy Agency, 2025; ““Technology Position Paper Compact 
Thermal Energy Storage,” 2023; Vahidhosseini et al., 2024). However, 
detailed experimental validation of compact soil-based TES systems 
under seasonal operating conditions remains limited.

Also, existing studies have focused on improving sensible, latent, and 
thermochemical storage mechanisms and simulating subsurface heat 
transfer using models like DST and TOUGH (Sarbu and Sebarchievici, 
2018). However, limited research has explored the precise thermal 
behaviour of soil-based TES systems under variable environmental 
conditions, particularly regarding seasonal charging and discharging 
cycles (Jradi et al., 2017). Additionally, most studies have emphasised 
theoretical modelling, with few experimental investigations addressing 
short-term heat accumulation and dissipation in controlled conditions 
representative of real applications (Ji et al., 2024).

This paper systematically investigates the thermal performance and 
seasonal heat storage potential of a soil-based thermal energy storage 
system through experimental analysis and numerical modelling. While 
conventional large-scale systems such as borehole or aquifer storage are 
well established for district-scale applications, they typically require 
specific site conditions and substantial drilling or groundwater access, 
limiting adoption at the building scale. A key research gap lies in the 
experimentally validated characterization of insulated, building- 
integrated soil TES systems operating under realistic climatic condi
tions with practical charging and discharging control strategies.

Therefore, this study addresses that gap by performing controlled 
experiments to characterize transient heat accumulation and dissipation 
across soil layers, and coupling analytically derived solar-collector 
outlet temperatures to a 3D-1D COMSOL model of an insulated, 

below-building TES for a representative A+ class dwelling in Kaunas, 
Lithuania. The research demonstrates the possibility of capturing and 
storing surplus solar energy during summer, when heating demand is 
minimal, for use in winter. This approach provides a cost-effective and 
adaptable solution to enhance renewable energy utilization in buildings 
while reducing dependence on fossil-fuel-based heating systems.

2. Experimental setup and methodology

The experiment involved analysing and simulating heat transfer and 
its accumulation through different soil layers with a single fraction and 
moisture content (Figs. 1 and 2), contained within the box lined with 
thermal insulation. The box (Fig. 2, (a)), a thermal energy storage sys
tem, was constructed by excavating a rectangular volume of 0.25 m3 

from the ground. The TES volume was filled with sand with 10% 
moisture content. The TES was sealed in its entirety, preventing sur
rounding groundwater from altering the soil's characteristics. The hor
izontal cross-sectional area of the TES was equal to 0.25 m2, measuring 
0.5 m in both length and width. The inside height of the soil in the TES, 
excluding the thickness of thermal insulation, was one meter. The 
thermal insulation layer was made of extruded polystyrene EPS 70 NEO 
with a thickness of 0.05 m. Because the TES enclosure was fully sealed 
using a double-layer polystyrene film of 0.0002 m thick, groundwater 
movement throughout the storage volume was prevented, resulting in a 
closed experimental system with no mass exchange with the surround
ing ground. Consequently, advective heat transport was absent, and heat 
transfer occurred solely within the enclosed soil and insulation 
boundaries.

A dedicated heating device charged the TES (Fig. 2(c)). It featured 
two Backer AB tubes arranged in series, each with a length and diameter 
of 1.6 m and 0.0085 m, respectively. The heating tubes were connected 
to the single-phase electrical network of 220 V. The steel plate served as 
a heating surface, with dimensions equal to the base of the TES and a 
thickness of 0.001 m. It was securely mounted onto the heating tubes, 

Fig. 1. Construction and installation of TES and connection to the data acquisition system.
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ensuring complete contact between the plate and the tubes. The heating 
surface and tubes were positioned on a foundation made of plywood 
coated with a film layer, 0.012 m thick. This heating device was placed 
beneath the soil at the bottom of the TES. The heating tubes and cables' 
total electrical resistance (R) was R = 71.83 Ω. It was assumed that the 
electrical energy of the heating device was fully converted to heat at the 
outlet. The heating process was applied in a controlled and repeatable 
manner with the TES charged over defined experimental periods to 
observe transient heat accumulation behaviour. Therefore, the thermal 
power (P) of the heating device was calculated using Eq. (1): 

P =
U2

R
. (1) 

Where:
P – Thermal power [W].
R – The electrical resistance [Ω].
U – Voltage [V].
The heat was transferred from the heated surface to the overlying soil 

layers above. For a more detailed examination of this upward heat 
transfer, the entire volume of TES was conceptually divided into k 
horizontal layers, each labelled with index m, increasing sequentially 
from m = 1 to k. This analysis was conducted under the condition that 
the temperature of the soil layers remained below 100 ℃ and no phase 
change occurred. The thermal conductivity of sand was treated as 
spatially uniform and constant over the entire TES volume. No forced 
airflow or fluid circulation was applied during the experiment; there
fore, the heat transferred to any given soil layer was due to conduction 
and can be described by the heat flux density, q [W/m2], and expressed 
as Eq. (2): 

q = − λ
(
T(m),t − T(m+1),t

)

δ
. (2) 

Where:
λ – The thermal conductivity of the sand [W/(m K)], which was 

assumed to remain constant throughout the entire volume within the 
TES.

δ – Inside height of the soil in the TES [m]. 

δ =
h

ksoil,l
. (3) 

Where:
h – The thickness of the layer [m], expressed as (Eq. (3)):

ksoil,l – The number of the specific soil layers within TES 
[dimensionless].

T(m),t – The temperatures of the soil layers at the moment t [K].
The temperature measurements were taken using temperature sen

sors of TJ1-Pt1000/A, operating within a range of − 30–180 ℃ and using 
a three-wire connection type. The sensor was positioned at the centre 
axis of the heated surface and had a vertical distance from the surface ( 
Fig. 2) of 0.1, 0.5, 0.9, and 1 m. Data readings were recorded via the PT- 
104 Data Logger, offering a resolution of 0.001 ℃ and an accuracy of 
0.015 ℃. This ensures the recorded data remains highly precise within 
the specified operating conditions.

The average temperature change per hour, ΔTavg,h over time, was 
calculated to capture the temperature increase or decrease trend across 
multiple intervals and was expressed as (Eq. (4)): 

ΔTavg,h =
1
n
∑n

i=1

(
Tt(i) − Tt(i− 1)

)
. (4) 

Where:
i – Index that represents the time step from 1 to n [–].
Tt(i) – The temperature at time t [K].
n – Total number of time points considered [–].
The increase in the temperature (ΔTst,d) in the soil layers for each day 

was determined using Eq. (5): 

ΔTdx = Tdx ,end − Tdx ,initial. (5) 

The subscript "end" represents the temperature at the end of the day, 
and "initial" represents the beginning of the same day.

With no specific heat-discharged equipment installed, the TES was 
designed to self-discharge through natural heat loss to the surrounding 
environment. For this reason, a thinner layer of insulation was selected 
around the TES. The thermal properties of different materials at a 
moisture content of 10% used in the simulation are listed in Table 1. It 
should be noted that the reported temperature evaluation and short- 
term heat accumulation behaviour correspond to a controlled baseline 
moisture content of 10%. Since soil thermal conductivity and volumetric 
heat capacity are moisture dependent, quantitative results such as 
penetration depth, response lag, and accumulation rate may vary under 
different moisture conditions.

The experimental analysis was conducted under climatic conditions 
characteristic of Kaunas, Lithuania.

The average monthly meteorological data, including temperature, 
relative humidity, and wind speed, are given in Fig. 3 (“Technical 

Fig. 2. Schematic representation of experimental setup: (a) TES position under the ground, (b) position of the temperature sensors, (c) scheme of the heating device.
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Regulations for Construction, STR 2.01.12:2024, Construction Clima
tology"", 2025).

3. Computational model

3.1. Boundary conditions for the numerical simulations

The model design and simulation were conducted in two stages to 
assess the TES system integrated with solar energy. In the first stage, the 
boundary conditions for the thermal energy storage model were defined 
based on the calculated outlet temperature of the solar thermal collec
tors, which were derived analytically using standard equations consid
ering solar irradiance, collector efficiency, and heat loss coefficient. In 
the second stage, these outputs were incorporated into a COMSOL 
Multiphysics (v 6.1) model to evaluate the feasibility of storing the 
harvested energy in a soil-based TES system beneath a residential 
building. The study focused on a 120 m2 single-family house in Kaunas 
of a high energy efficiency class (“Technical Regulations for Construc
tion, STR 2.01.02:2016, Energy Performance Design and Certification of 
Buildings”, 2025). This building was selected as a representative case 
study, reflecting Lithuania's housing characteristics, where the average 
functional area per dwelling is 68.4 m2, with private ownership domi
nating at 98.6% ( “Housing - Oficialiosios statistikos portalas.”, 2025).

In the cold season, a building of the aforementioned energy effi
ciency class consumes an average of about EBh= 6.5 MWh of thermal 
energy for heating (“Technical Regulations for Construction, STR 
2.01.12:2024, Construction Climatology"", 2025; “Technical 

Regulations for Construction, STR 2.01.02:2016, Energy Performance 
Design and Certification of Buildings”, 2025). It was assumed that the 
annual heat loss from the heat storage system to the environment would 
not exceed thirty per cent of the total thermal energy consumed for 
heating (Mangold and Deschaintre, 2025). In this case, Est= 9.3 MWh of 
heat needs to be charged into the heat storage system. Solar radiation in 
Lithuania is sufficient to generate significant amounts of heat (>300 
MJ/m²) during the period from March to September inclusive. Then, the 
monthly average amount of energy from solar radiation falling on a 
surface inclined at an angle of 40◦ per m2, starting from March, is: 355, 
474, 612, 585, 589, 528, and 405 MJ/m2. In total, this is 3548 MJ/m2, 
which corresponds to EM= 985.6 kWh/m2.

The solar thermal system analysed for the selected building employs 
a solar thermal setup (Fig. 4) to supplement building heating demand 
(Kveselis et al., 2014). Premium-quality flat plate solar collectors (FPCs) 
were selected for medium-temperature applications (30–80 ◦C), which 
aligns with the operational range of the TES system (Kalogirou, 2004). 

Table 1 
Thermal properties of the material used in the experimental setup and simula
tions (“Home - Lithuanian Geological Survey under the Ministry of Environ
ment.” 2025; Abu-Hamdeh and Reeder, 2000b).

Material Thermal conductivity 
[W/m. K]

Density [kg/ 
m3]

Specific heat 
capacity [J/kg. K]

Mould 0.45 1300 1800
Sandy loam 1.20 1600 850
Clay loam 0.55 1400 1400
Clay 0.8 1900 1500
Extruded 

polystyrene
0.036 28 1300

Steel plate 50 7.85 490
plywood 0.12 500 1700
Sand 1.45 1800 1200

Fig. 3. Average monthly air temperature, relative humidity, and wind velocity for Kaunas, Lithuania.

Fig. 4. Scheme of TES coupled with Solar Thermal Collector (STC).
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Each collector has a total gross area of 2.0 m2, with an aperture and 
absorber area of Acoll= 1.8 m2, reflecting an optimised design where 
nearly all incident solar radiation is effectively transmitted and absorbed 
without significant edge losses. The collectors are installed at a tilt angle 
of 40◦, slightly lower than the latitude of Kaunas (54.9◦) (“Solar Tilt 
Angle: How To Find The Best Panel Position.”, 2025), and oriented 
southward (0◦ azimuth) to enhance annual solar capture, particularly 
during the summer season, which is advantageous for seasonal heat 
storage (“IEA SHC et al., 2025). The absorber is coated with a spectrally 
selective surface (absorptance τα =0.95, emittance < 0.1) to maximise 
solar radiation while reducing inferred radiation losses (Xu et al., 2020). 
The glazing consists of low-iron, tempered glass with a transmittance of 
0.90, ensuring high solar transmittance while minimising convective 
and radiative losses (“EN 12975-1:2006 - Thermal solar systems and 
components - Solar collectors - Part 1: General.”, 2025). Rear and side 
insulation is provided using mineral wool or polyurethane foam 
(0.035 W/m.K) to minimise heat loss to ambient air (Kalogirou, 2004). 
Collector performance was modelled using validated coefficients 
derived from the ISO 9806/solar keymarks test, allowing accurate pre
diction of thermal output. For TES charging calculations, an average 
operating point collector efficiency of ηcoll= 0.53 was adopted based on 
the ISO 9806 efficiency model at a reference irradiance of 1000 W/m2 

and a mean temperature difference between collector fluid and ambient 
air of 45 K. This efficiency was computed from certified flat-plate pa
rameters (gross area: ηo=0.76, a1 = 4.07 W/m2.K, a2 = 0.02 W/m2.K2) 
and aligns with EU/keymark practice for reporting collector effciecincy 
(“GUIDE TO STANDARD ISO, 9806:2017 A Resource for Manufacturers, 
Testing Laboratories, Certification Bodies and Regulatory Agencies,” 
2018; SP Technical Research Institute of Sweden, 2010; Duuzaamloket,” 
Solar collector energy label values,”, 2017).

The total absorber area of collectors A is calculated by Eq. (6): 

A =
Est

EMηcoll
. (6) 

Where:
Est – The energy to store [kWh].
EM – The energy of solar radiation per square meter [kWh/m2].
ηcoll – An average field efficiency of solar collector [–].
The total required absorber area of the collectors is equal to 

A= 17.8 m². The necessary number of collectors, kcoll, should be at least: 
kcoll≥A/Acoll. This means that at least ten collectors of the aforemen
tioned type are needed to produce the entire amount of thermal energy 
required for heating the building (Est).

The volume of the heat storage (V) is related to the maximum 
amount of heat (Est) that needs to be charged to the heat accumulator. 
The sand was selected as the ground type filler for heat storage, as in the 
experimental part. The sand’s moisture content, density, and heat ca
pacity were respectively equal to: μsoil= 10%, ρsoil= 1800 kg/m3, and cp, 

soil= 1200 J/(kgK). The change in the filler's temperature ΔT, is a crucial 
parameter for operating the heat storage system over an extended 
period. A lower temperature gain is desirable because the heat loss 
through the storage walls to the environment depends on the tempera
ture difference between the filler at the storage site and the surrounding 
medium outside. In this research, the requirement was set that the 
temperature increase ΔT should be near 50 ± 2.5 ℃. By choosing the 
dimensions of the heat tank, the length (L), width (W), height (H), 
respectively equal to: L= 12 m, W= 10 m, H= 2.5 m, the volume of the 
tank was equal to: V=L×W×H= 300 m3. A verification calculation was 
performed: ΔTsoil=Est/(ρsoilVcp,soil)= 51.7 ℃.

The next question is how to charge the heat accumulator with heat 
(Fig. 5). It is necessary to ensure the required intensity of heat exchange. 
The thermal accumulator charging system must be designed to store all 
the heat generated by the solar collectors. The fluid is heated in the solar 
collectors and, as a heat carrier, transports the thermal energy to the 
storage tank. A propylene mixture (33.3% concentration), ensuring 

stable performance in varying climatic conditions (“Heat Transfer Fluids 
for Solar Water Heating Systems, Department of Energy.” 2025; Fan 
et al., 2007), was chosen for circulation in the heat storage system: 
ρfl= 1034 kg/m3, cp,fl= 3600 J/(kgK). The circuit operates at a pressure 
of four bars in the system loop, with a total fluid volume of 19.8 litres 
and an average flow rate of G= 288 litres/h (“Heat Transfer Fluids for 
Solar Water Heating Systems, Department of Energy.” 2025). When 
exposed to solar radiation in the collectors, the liquid is heated, and its 
temperature is raised (Fig. 4). In this case, it is necessary to know the 
distribution of solar radiation intensity during the day. At the peak 
moment, which is 13:00, in Kaunas, Lithuania, the maximum power of 
solar radiation is Psol, rad, max = 650 W/m2 (Duuzaamloket,” Solar col
lector energy label values,”, 2017). In total, for ten collectors, it is equal 
to Pcoll,max=kcollAcollηcollPsol, rad,max= 10•1.8•0.53•650 = 6.2 kW.

Pcoll,max corresponds to the maximum amount of energy transferred 
to the fluid circulating in the system (Fig. 4). It is possible to calculate 
how much the temperature of the fluid ΔTfl,coll=Tfl,coll,out-Tfl,coll,in will 
change (Eq. (7)): 

Pcoll = Gρflcp,fl
(
Tfl,coll,out − Tfl,coll,in

)
. (7) 

At the peak moment, the power of the solar radiation reaches its 
maximum Pcoll,max. Then the fluid flowing through the collectors is 
heated to its maximum, and the change in fluid temperature is at its 
highest: ΔTfl,coll,max= 20.8 ℃ (Eq. 7). Outflowing from solar collectors, 
the fluid moves to a tubular heat exchanger placed in the heat storage 
tank. It was assumed that all the heat carried by the fluid was transferred 
to the ground filler and evenly distributed in it, and the temperature of 
the outflowing fluid from the accumulator was approximately equal to 
the average temperature of the ground filler.

Based on the amount of energy transferred to the sand, it is possible 
to estimate the average increase in soil temperature. The change in 
temperature of the accumulator’s filler over time was calculated by Eq. 
(8): 

Pstored =
1
t
ρsoilVcp,soil

∑n

i=1

(
Tsoil,t(i+1) − Tsoil,t(i)

)
. (8) 

Where:
Tsoil,t(i); Tsoil,t(i+1) – The soil temperature at the (i)th and (i + 1)th 

moments of time t [K].
It should be noted that the temperature of the soil filler in the 

Fig. 5. Energy conversion and heat transfer diagram in solar collectors and the 
thermal accumulator.
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accumulator’s volume increases unevenly. At the hot fluid inflow zone, 
the soil temperature is higher, and at the outflow zone, it is lower. For a 
deeper analysis, to determine the temperature fields in various sections 
of the accumulator at various times, it is necessary to perform a nu
merical simulation.

All the generated heat is stored in the accumulator. It is essential to 
ensure that the heat exchanger can maintain the required heat exchange 
intensity. First, the material and diameter of the heat exchanger contour, 
i.e., the pipe, must be selected, and then its length must be calculated. 
Copper was chosen for better heat transfer (λcopper=390 W/(mK)). The 
copper pipe DN20 with a wall thickness of 1 mm, d1= 0.020 m (inner 
diameter of the pipe), d2= 0.022 m (outer diameter of the pipe)) was 
selected. Regarding the laminar flow regime, the value of the internal 
heat transfer coefficient from the fluid to the inner side of the pipe’s wall 
was not high and was approximately equal to h1= 70 W/(m2K). Tem
peratures: Tinlet=Tfl,in=Tfl,coll,out= 35.8 ℃, and Toutlet=Tfl,out≈Tavg,soil were 
used in calculations. Having the Pstored=Pcoll,max= 6.2 kW, the length lpipe 
of the pipe was calculated by Eq. (9): 

Pstored =
1

1
h1d1

+ 1
2λcopper

ln d2
d1

πlpipe

(
Tfl,in + Tfl,out

2
− Tavg,soil

)

. (9) 

It may be concluded that the length of the heat exchanger’s pipe 
needs to be no less than lpipe= 78.8 m.

3.2. Methodology of the numerical simulations

To define the boundary temperature profile of the solar collector 
outlet for the numerical model, hourly outlet temperatures were calcu
lated using analytical formulations based on incident solar radiation and 
collector thermal characteristics. The flat plate collectors used in this 
study were defined by an absorber area of 1.8 m2, a field efficiency of 
53%, a transmittance value of 0.90, a selective surface absorptance of 
0.95, and a thermal loss coefficient of 4.5 W/[m2 K]. A 33.3% propylene 
mixture circulated through the loop at four bar pressure and 288 l/h 
flow rate, consuming 10.5 kWh of auxiliary energy per year.

Representative hourly solar irradiance data for Kaunas, Lithuania, 
were obtained from the PVGIS database (“JRC Photovoltaic Geograph
ical Information System PVGIS - European Commission.”, 2025). The 
data include direct normal irradiance (DNI), diffuse horizontal irradi
ance (DHI), and the resulting global tilted irradiance on a 40◦

south-facing surface. For Kaunas, the typical annual global tilted irra
diance is around 1150–1250 kWh/m2, with DNI contributing about 65% 
and DHI about 35% of this total (María and Huld, 2013; “PVGIS data 
sources and calculation methods - European Commission.”, 2025). They 
were used directly in the thermal power (Pcoll) calculations using 
Pcoll=kcollAcollηcollPsol,rad without further decomposition. During the dark 
period, solar radiation was zero. Therefore, the fluid circulation was 
stopped at night. Due to heat losses to the environment, the liquid 
temperature in the collectors decreased to a value close to the atmo
spheric air temperature.

A 3D TES model measuring 12 m in length, 10 m in width, and 2.5 m 
in depth was created in COMSOL with a foundation of 0.3 m thickness. 
Only the interface between the flooring and the sand layer was included 

in the model (Fig. 6). The foundation was enclosed with a 0.1 m-thick 
insulation layer, and the enclosed space was filled with sand. Copper 
heating pipes with a diameter of DN20 were horizontally positioned in 
three layers at depths of 0.625 m (first layer), 1.25 m (second layer), and 
1.875 m (third layer) below the flooring. The pipes were spaced 1 m 
apart and arranged with a turning radius of 1 m, with a total pipe length 
of 390 m. The TES domain, insulation, and foundations were explicitly 
modelled as separate solid regions using the thermal properties listed in 
Table 1 to ensure accurate representation of conductive heat transfer 
across material interfaces. The heating pipe dimensions and layout were 
selected based on recommendations for efficient heat transfer, uniform 
thermal distribution, minimised pressure losses, and ease of mainte
nance, aligned with copper pipe standards and thermal efficiency 
guidelines (“Applications: Tube, Pipe and Fittings: Copper Tube Hand
book: III. Solar Energy Systems.”, 2025).

To accurately capture the TES system’s thermal dynamics, COMSOL 
Multiphysics was used to analyse heat transfer mechanisms within both 
the solid domain (TES unit) and the piping network (Fig. 6). The 
convection-diffusion equation was utilised within the heat transfer in 
the COMSOL Multiphysics solids module, with a one-dimensional piping 
network modelled using the heat transfer in the pipes module. The 
temporal heat distribution was governed by the general heat transfer 
equation derived from the energy balance principle. Consequently, the 
three-dimensional transient heat conservation equation for an incom
pressible fluid can be expressed as Eq. (10): 

Qe = ρcp
∂T
∂t

+∇q. (10) 

Where:
Qe – An external heat source [W/m3].
ρ – The density of the sand [kg/m3].
cp – The specific heat capacity of the sand [J/kg•K].
T – The temperature [K].
t – The time [s].
Based on the above equation, it can be interpreted that energy bal

ance within the fluid flow in the buried pipe accounts for the internal 
energy change, convective transport, conductive redistribution to the 
surrounding sand, and frictional losses. Simulating full-scale geometries 
with the inclusion of the piping network can be challenging due to the 
large discrepancy in the scale of the domain and the pipe diameter. The 
high aspect ratio means that employing equilateral cells in the mesh 
would demand significant computational power and memory. Existing 
computational methods address this challenge either by using a coor
dinate scaling approach (Aresti et al., 2024; “Computational modelling 
of a ground heat exchanger with groundwater flow.”, 2025) or, as 
applied here, by adopting a 1D approach coupled with the 3D domain 
(Aresti et al., 2020), and expressed as Eq. (11): 

∇t(Ak∇tT)+0.5fD
ρA
dh

|u|u2 = ρAcp
∂T
∂t

+ ρAcpuet∇tT. (11) 

Where:
A – The cross-sectional area of the pipe [m2].
fD – Friction factor [–], which was estimated using the Churchill 

Fig. 6. Geometric model of the TES: a – inlet of the pipe, b – foundation, c – thermal insulation, d – sand domain, and e – outlet of the pipe.
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model.
uet – The tangential velocity [m/s].
dh – The inner pipe diameter [m], following the DN20 copper 

characteristics.
To further evaluate the thermal performance, a charging efficiency 

analysis was performed to quantify how effectively the stored energy 
was retained under different circulation strategies using the following 
Eq. (12): 

Qstored/lost =
msoilcp,soil

V

∫ V

0
(T((x, y, z), tend) − T((x, y, z), tstart))dV. (12) 

Where:
Qstored/lost – The net thermal energy stored in the sand or lost from the 

sand [J].
msoil – Mass of the sand [kg].
cp, soil – Specific heat capacity of the sand [J/kg.K].
V – Total volume of TES sand domain [m3].
T((x, y, z), t) – Temperature at spatial position (x, y, z) and time t [s].
tstart and tend – The period of simulation starts from 0 s to 604800 s.
The governing equations were spatially discretized using the finite 

element method (FEM). Transient simulations were carried out using 
COMSOL’s time-dependent solver employing an implicit backward dif
ferentiation formula (BDF) scheme with adaptive time stepping. The 
nonlinear coupling between the pipe flow and the surrounding solid 
domain was resolved using COMSOL’s built-in Newton-based solver, 
and the resulting linear system was solved using the sparse direct solver 
(PARDISO). Mesh refinement and time step sensitivity analyses were 
conducted, and further refinement produced negligible variations in 
predicted temperature fields, confirming numerical stability and solu
tion independence.

4. Experimental results

The experimental study investigated the thermal performance of a 
thermal energy storage system by analysing thermal charging, heat 
dissipation, and the soil′s heat accumulation. The system received a 
controlled heat input of 690 W for two hours daily over eight days. Soil 
temperatures were monitored at heights of 0, 0.1, 0.5, 0.9, and 1.0 m, 
with initial values of 5.5, 5.4, 4.6, 3.1, and 2.8 ℃, respectively. The 
change in temperature at each depth during the first 24 h is shown in 
Fig. 7. The numerical results presented here from COMSOL were eval
uated alongside the measured temperature profile within this section.

Upon activation, the heating tubes and steel surface initially absor
bed most of the input energy, delaying soil heating. A measurable 
temperature rise at the surface (d = 0 m) to 6.1 ℃ occurred at t = 46 s, 
indicating the onset of conductive heat transfer. Rapid surface heating 
followed as the steel surface heated, reaching 15.0 ℃C at t = 444 s, and 
50.0 ℃ by t = 3589 s. According to the results shown in Fig. 8, the 
average heat flux density during the first hour peaked at qavg,h 
= 1503 W/m², driven by a high thermal gradient.

In the second hour (t = 7199 s), the surface temperature reached 
72.9 ℃, with the lower heat flux density of qavg,h = 684 W/m², reflecting 
reduced thermal gradients and increased energy dissipation to deeper 
layers.

When storing heat in the ground, the soil layer directly in contact 
with the heating device is the first to heat up. In the case of a flat heated 
surface at the bottom of the accumulator, the soil above it is warmed 
initially, and over time, heat transfers upward to more distant layers. 
The heat flux density was less there due to heat storage in previous 
layers and loss to the environment.

After two hours, the heating device was turned off, initiating a sharp 
drop in temperature at d = 0 m. The soil temperature of this layer had 
decreased to T0 = 50.1 ℃ during the next hour, with an average heat 
flux of qavg,h = 235.8 W/m². Over time, the heat transfer rate declined 
further, and by t = 25,196 s, the temperature dropped to T0 = 32.9 ℃, 
with a reduced gradient and heat flux density of qavg,h = 4.8 W/m². 
Between hours seven and fourteen, the temperature decrease slowed to 
ΔTavg,h / t = 1.2 ◦C/h, showing the system’s approach toward equilib
rium. By t = 82,799 s, the temperature stabilised approximately at T0 
= 19.7 ℃.

At d = 0.1 m, the first temperature rise (T0.1 = 6.0 ◦C) occurred at 
t = 974 s, delayed by 926 s relative to d = 0 m, due to thermal resistance 
(Fig. 7). The heat transfer was driven by the strong gradient (gradT =

(T0 – T0.1) / l0–0.1 = 173 ◦C/m) and increased steadily. By t = 3585 s, 
T0.1 = 14.9 ◦C, the heat flux density peaked at qavg,h = 335.2 W/m² 
(Fig. 8). The maximum temperature of T0.1 = 36.1 ◦C was reached at 
t = 10,308 s, after the heating device had turned off, showing delayed 
heat transfer. Thereafter, temperature decline was gradual, with ΔTavg,h 
/ t = 1.4 ◦C/h over the next three hours and reduced conduction from 
the soil layer at d = 0 m (qavg,h = 58.3 W/m²). Later, dissipation slowed 
further, and by t = 82,799 s, the temperature stabilised at T0.1 = 19.7 
◦C.

At the more distant layers (Fig. 7), heat transfer was more gradual. At 
d = 0.5 m, a temperature increase was first recorded around the fourth 

Fig. 7. Measured (dm) and simulated by COMSOL (ds) temperature profiles at various distances for two hours of charging during one day.
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hour, reaching T0.5 = 4.8 ℃. The initial sharp temperature gradient 
between 0.1 m and 0.5 m, calculated as ((T0.1 – T0.5) / l0.1–0.5 = 79.0 ◦C/ 
m), induced a rapid increase in conductive heat flux at this depth. This 
was reflected in the hourly average heat flux, which rose sharply from 
qavg,h = 15 W/m2 in the first hour to a peak of qavg,h = 112.3 W/m2 at the 
fourth hour. As the temperature gradient began to diminish, the flux 
gradually decreased, indicating a deceleration in thermal conduction. 
By the twelfth hour, T0.5 had increased to 10.1 ◦C, with the flux dropping 
to qavg,h = 58.5 W/m². Eventually, by t = 75,540 s, the temperature 
stabilized at 12.2 ◦C, while the heat flux fell below qavg,h = 30 W/m², 
marking the transition to near equilibrium.

Heat propagation at d = 0.9 m and d = 1.0 m was significantly 
slower, with thermal response delayed due to reduced gradients. At 
0.9 m, a noticeable temperature increase began after the eighth hour, 
driven by a gradient of ((T0.5 – T0.9)/l0.5–0.9 = 11.3 ℃/m) from the 0.5 m 
layer. Corresponding average heat flux gradually rose from qavg,h 
= 5.1 W/m2 to qavg,h = 29.0 W/m2 by the twenty-fourth hour, while 
temperature reached T0.9 = 4.1 ℃ by the twenty-second hour. At 1.0 m, 
temperature rise was minimal (T1.0 = 3.2 ◦C by t = 79,197), sand heat 

flux remained consistently low, increasing only from qavg,h = 4.8 W/m2 

to qavg,h = 12.8 W/m2 over twenty-four hours. These deeper layers pri
marily acted as thermal buffers, enabling gradual energy accumulation 
with minimal short-term dissipation.

Day after day, during the two-hour thermal charging period, the 
temperature of the TES’s sand filling continues to rise. In practice, this 
means that each successive charging cycle begins from a higher baseline 
temperature. Depending on the type of charging device used, this can 
influence the duration, intensity, and overall efficiency of the charge. 
The observed charging and discharging patterns for twenty-four hours 
provide insights into the short-term thermal response of the soil. How
ever, to understand the progressive accumulation and retention of heat, 
it is essential to examine the variations in temperature over an extended 
period. Repeated charging cycles over eight consecutive days (Fig. 9) 
allowed heat to propagate deeper into the soil, revealing how thermal 
energy is absorbed and retained at various depths.

A detailed analysis of the temperature increase at different points 
indicated varying thermal responses within the TES. On day one, the 
temperature of the soil in contact with the heating surface (d = 0 m) rose 

Fig. 8. Change in the average hourly heat flux density at various distances for twenty-four hours.

Fig. 9. Comparison of measured and simulated temperatures by COMSOL over eight days at d = 0, 0.1, 0.5, 0.9, and 1.0 m.
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by ΔT0 = 13.9 ℃, while at d = 0.1 m by ΔT0.1 = 14.1 ℃ – representing 
the layers with the highest heat gain. In contrast, distanced soil layers 
showed a minor increase in temperature: 7.5 ℃ at d = 0.5 m, 1.0 ℃ at 
d = 0.9 m, and 0.5 ℃ at d = 1.0 m. This indicates a steep thermal 
gradient and concentrated heat retention near the surface. By the second 
day, the soil layers at d = 0 m and d = 0.1 m continued warming but at a 
slower rate of temperature: 8.2 ℃ and 8.1 ℃. Day three showed dis
tribution, with distanced layers d = 0.5 m, 0.9 m, and 1.0 m absorbing 
more heat. There, the temperature increased by 4.4 ℃, 2.8 ℃, and 2.6 
℃, respectively, although the rate of surface warming declined (Fig. 9).

The temperature profile becomes more uniform on the sixth and 
seventh days. Over eight consecutive days (Fig. 9), this cumulative effect 
resulted in a sustained temperature rise across all depths, with the 
strongest response from the layers near the heating device and an 
increasing storage contribution from the distant layers daily.

The experimental setup, installed in the ground and insulated from 
external influences, provided a controlled representation of the local 
thermal behaviour around a heated surface in soil. This short-term field 
experiment captured how heat spreads vertically through moist sand, 
revealed depth-dependent temperature delays, and quantified realistic 
heat flux levels under subsurface conditions. These measured responses 
informed the development of the numerical model, which incorporated 
the same material properties, heat-input regime, and the conduction- 
dominated heat-transfer mechanism in COMSOL Multiphysics (v6.1). 
An identical TES geometry was recreated in the simulation to replicate 
the experimental setup (Fig. 2) and conditions, and allow direct com
parison. Tracking temperatures at corresponding depths confirmed that 
the model reproduced the experimentally observed thermal gradients, 
upward heat propagation, and daily charging behaviour. The maximum 
deviation between the measured and simulated temperature was 8% at 
d = 0.5 m (Fig. 9), demonstrating that the model reliably captures 
transient heat transfer in the sand. The experimental campaign is 
intended to validate the governing transient heat transfer behaviour and 
provide confidence in material and model parameters, rather than to 
directly represent full-scale seasonal start-up performance. With this 
validation, the numerical simulation was then extended to represent the 
full-scale 300 m3 TES volume, embedded pipe networks, and multi-day 
solar-charging regime, generalizing the experimentally verified behav
iour to realistic operational conditions.

5. Numerical simulation results

To comprehensively assess the thermal performance of the TES sys
tem coupled with a solar thermal collector, numerical simulations were 
carried out over a week, starting on June 21st, the summer solstice, 
which represents the peak of solar radiation in Kaunas, Lithuania. Two 
cases were examined to understand the influence of initial storage 
conditions. In the first case, the TES was assumed to be empty at the start 
of the simulation week, representing a baseline charging scenario. In the 
second case, the TES was partially charged from earlier solar input 
before June 21st, reflecting more realistic operating conditions. The 
fluid circulated at a constant flow rate of 288 l/h, and the inlet tem
perature applied to the TES (equal to the outlet temperature from the 
solar thermal collector, Tfl,coll,out = Tfl,in = Tinlet) was defined as a time- 
dependent boundary condition.

In both cases, simulations were conducted for the same week of 
charging. The daily thermal energy input for the empty TES scenario 
averaged approximately 54.7 kWh per day. The first day of the simu
lation, during which 55.1 kWh (Eq. (8)) of thermal energy was supplied, 
was selected for detailed analysis to evaluate the system's transient 
thermal response. The full-week results were used to assess cumulative 
heat storage and the impact of pre-charging. These boundary profiles 
were implemented in COMSOL Multiphysics, where transient heat 
transfer simulations were performed to investigate the spatial and 
temporal temperature evolution within the TES domain.

The average monthly air temperature in Kaunas in June is Tair = 16.3 

℃ (“Technical Regulations for Construction, STR 2.01.02:2016, Energy 
Performance Design and Certification of Buildings”, 2025). This value 
was used in the simulation, assuming a constant temperature throughout 
the day. The TES operating simulation began at midnight (t = 0 s) with 
an inlet temperature of Tinlet = Tair, representing the temperature of the 
fluid outflowing from the solar collector (Fig. 10). The initial average 
sand temperature was approximately Tavg,sand = 13.3 ℃, close to the 
average typical ground temperature in June in Kaunas, Lithuania, 
starting from 0 to − 2.5 m depth. Typically, during the night, with 
decreased air temperature, the circulation of the liquid in the collector 
circuit is stopped to prevent heat loss to the atmosphere. However, since 
the air temperature is higher than the ground temperature, the circu
lation can be left unstopped with a small thermal load on the TES 
(Fig. 11).

As the day progressed and solar radiation increased, the outlet 
temperature of the solar thermal collector rose accordingly, resulting in 
a gradual rise in the TES inlet temperature. At t = 28,800 s, the fluid 
entered the system at Tinlet = 24.1 ℃, with an outlet temperature of 
Toutlet = 12.2 ℃ and an average sand temperature around Tavg,sand = 13.4 
℃. The heat transfer rate exceeded Qtransfer = 3251 W. The value of the 
outflowing fluid temperature (Toutlet) was lower than that of the TES 
average soil temperature (Tavg,sand) due to the soil temperature distri
bution in dependence on the depth and the position of the pipes of the 
loops near the outlet position (Fig. 6). As the sun moved toward its 
zenith, the thermal output from the collector increased steadily, further 
raising the inlet temperature. By t = 36,000 s, the Tinlet, Toutlet, and Tavg, 

sand reached 30.5 ◦C, 13.0 ◦C, and 13.5 ◦C, respectively, while the heat 
transfer rate climbed above Qtransfer = 4797 W. The maximum rate of 
heat transfer to the soil was observed at t = 46,800 s, where Qtransfer 
= 6169 W was recorded, driven by a peak temperature difference of 
22.4 ◦C (ΔTmax=Tinlet – Toutlet). This moment corresponds to the time 
when the sun was at its highest position in the sky, and the solar thermal 
collector was operating at maximum output. As a result, the inlet tem
perature to the TES reached its peak, significantly enhancing the heat 
input to the system and accelerating thermal accumulation in the sand 
layers surrounding the heat exchanger pipes.

As the energy input continued, the near-pipe soil layers became 
progressively warmer. Due to the relatively slow heat transfer process, 
the temperature difference between the fluid and the surrounding soil 
began to decrease. The gradual reduction in heat transfer at the inlet 
zone of the TES meant that the fluid maintained a higher temperature 
and carried heat to other areas and a greater depth within the TES 
(Fig. 6). These interactions are reflected in the temperature field in 
Fig. 11.

In the evening hours, solar radiation declined, and the inlet fluid 
temperature dropped; the temperature gradient between the fluid and 
the near-soil layers, which the day’s heat input had warmed, gradually 
diminished, resulting in a reduced heat transfer rate. Throughout the 
first twenty-four hours, however, energy continued to flow from the 
warmer fluid to cooler soil, and no reversal in heat direction was 
observed. Throughout the week, repeated charging cycles led to a steady 
rise in TES average temperature Tavg, sand, from 13.3 ◦C to 16.2 ◦C, 
reflecting a cumulative increase of about 0.4 ◦C per day in the initially 
uncharged soil domain.

The reversal in the heat transfer direction occurred only later in the 
simulation, around t = 598,000 s on the seventh day (Fig. 10), when 
sustained daily charging raised the near-pipe soil layer temperatures 
above those of the evening fluid. At that point, heat began to transfer 
from the TES back into the fluid (Qtransfer < 0), highlighting the need for 
flow control to prevent unnecessary energy loss, which is further 
examined in the following section.

In the second simulation scenario, the TES was assumed to be 
partially charged at the start of the one-week evaluation period, repre
senting the accumulation of solar thermal energy during spring and 
early summer. As described in 3.1, the cumulative solar irradiance on a 
surface tilted at 40 ◦ from May 1st to June 21st totalled approximately 
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953.5 MJ/m², based on monthly and partial-month values. The corre
sponding initial average temperature of sand in TES was calculated 
using Eq. (8), which relates the stored thermal energy to mass, specific 
heat capacity, and temperature increase of the storage medium.

To improve efficiency and prevent energy losses to the atmosphere, a 
flow-controlled strategy was implemented: fluid circulation was enabled 
only when the temperature of the fluid, which outflowed from solar 
collectors and entered TES (Tfl,coll,out=Tinlet), exceeded the average TES 
sand temperature (Tavg,sand). Once this condition was met, the circulation 
pump was turned on, and fluid circulation began (activated system 
meant "1"). Circulation was stopped when the inlet temperature (Tinlet) 
became less than or equal to the average sand temperature in TES: Tinlet 
≤ Tavg,sand (deactivated system meant "0") (Fig. 13).

Due to the high inertia of the charged heat dissipation in the full 
volume of the TES, the distribution of the sand's temperature was visible 
within the TES (Fig. 14). A daily increase in the average soil temperature 

of the TES was observed when analysing the operation of the soil-type 
thermo-accumulator over a week (Fig. 13). This required the solar col
lector fluid to be heated to a higher temperature before activating cir
culation after each night. On the other hand, the circulation had to be 
stopped earlier in the evening to avoid heat loss to the atmosphere. 
Therefore, a slight reduction in system activation intervals was observed 
over the course of a week.

In the case of an operating TES, it is partially charged with heat. This 
means that at night, the average temperature of the soil in TES and the 
temperature of the fluid outflowing from TES are higher than that of the 
atmospheric air. At night, the collectors do not generate heat. A portion 
of the heat would be lost to the atmosphere while the fluid of higher 
temperature flows through them. For this purpose, as mentioned, the 
disconnection of the fluid circulation was simulated during the dark 
period. However, it is necessary to determine the moment at which 
circulation needs to be started. During the night, the temperature of the 

Fig. 10. The change in the energy storage's inlet and outlet fluid and average sand temperatures over seven days, computed by COMSOL Multiphysics.

Fig. 11. Heat transfer from the fluid to the energy storage's soil over the first twenty-four hours, computed by COMSOL Multiphysics.
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fluid in the collector area reaches the atmospheric temperature due to 
heat losses. The decision was made to initiate fluid circulation when the 
fluid is heated by solar radiation to a temperature equal to or by 2–4 ℃ 
higher than the average sand temperature in the TES (Tavg,sand).

With daily charging of the TES and rising Tavg,sand, more time will be 
needed to heat the fluid in the collectors each morning. The circulation 
will be turned on later. On the other hand, due to the higher soil tem
perature, as the intensity of solar radiation decreases in the evening, the 
circulation will have to be stopped earlier. As a result, with the same 
intensity of solar radiation, the daily TES loading time will be shorter. 
This means that the actual TES loading time will be shorter than the 
calculated one when the TES charging degree (TES soil temperature) is 
not considered.

The amount of fluid in the circulating system of collectors may vary 
from 10 to 25 litres, depending on the type of collectors, their connec
tions, the connection of heating pipes, and other factors. During the 
study, 12 litres of fluid were present in the heating system of the col
lector area. After stopping the fluid circulation in the system, due to heat 
losses to the environment, the fluid temperature was equal to the 
ambient air temperature (Tair) in the morning, before sunrise. Therefore, 
the energy of the incoming solar radiation was initially used to heat the 
fluid to the average soil temperature of the TES (Tavg,soil). The amount of 
heat consumed to heat the fluid was calculated by the formula (Eq. 13): 

Ecoll = Vfl,collρflcp,fl
(
Tavg,sand,t(i) − Tair,t(i)

)
. (13) 

Where:
Ecoll – thermal energy, to heat the fluid of the circulation system, 

located in the collector circuit, to a temperature equal to Tfl,coll,out(i) 
= Tavg,sand,t(i) [J].

Tavg,sand,t(i) – TES soil temperature, at current time moment: t = i [℃].
Tair,t(i) – atmospheric air temperature, at current time moment: t = i 

[℃]. It was assumed to be equal to the average daily temperature in 
June.

An average monthly value of the air temperature in June near Kau
nas was used for calculations: Tair,t(i)= 16.3 ℃. In real conditions, the 
night air temperature varies from 15 to 10 ℃, and in the morning, the 
temperature is lower (near 10÷12 ℃). In the second simulation case, 
Tavg,sand,t(i) was initially set to 30 ℃. This meant that the amount of 
energy equal to Ecoll= 612 kJ (0.17 kWh) was required for fluid heating 
to initiate circulation. At early morning, on the 21st of June, the solar 
radiation Psol,rad increased from Psol,rad≈ 0 at t = 4:30 to Psol, 

rad= 13.18 W/m2 at t = 5:00, to Psol,rad= 30.74 W/m2 at t = 5:30, and to 
Psol,rad= 61.49 W/m2 at t = 6:00 (“Kaunas June Weather, Average 
Temperature Lithuania - Weather Spark.”, 2025). Accordingly, the 
power of collectors increased from Pcoll≈ 0 at t = 4:30 to Pcoll= 126 W at 
t = 5:00, to Pcoll= 279 W at t = 5:30, and to Pcoll= 587 W at t = 6:00 
(Fig. 15). Here, the assumption was made that the collectors themselves 
do not need to be heated, and their efficiency remains constant and 
equal to ηcoll= 0.53. Therefore, the time to heat the fluid was t = 4067 s 
(t = Ecoll/Pcoll).

Fig. 12. Temperature distribution of the first layer in the TES system at different time steps, ranging from 0 h to 24 h on the first day of the week, illustrating heat 
propagation from the pipe network into the surrounding soil, as computed by COMSOL Multiphysics.
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The system will remain warmed by turning off the fluid circulation in 
the evening. Therefore, at nighttime, a similar amount of energy will be 
dissipated as heat losses in the atmosphere. On June 21, during the day, 
about 53.2 ± 4.1 kWh of energy is generated in the collectors. When 
Tavg,sand,t(i) – Tair,t(i) = 13.7 ℃, the energy losses (2 ×0.17 kWh) due to 
the shorter charging time interval reach only 0.64 per cent. However, 
the best condition for heat generation and TES charging with heat was 
analysed.

In the case of a more charged heat storage system: Tavg,sand,t(i)= 35 ℃, 
and more cold nights: Tair,t(i)≈ 10 ℃, a higher amount of energy is 
needed to heat the fluid: Ecoll= 1117 kJ (0.31 kWh). The loss in energy is 
1.17 per cent for this case (Fig. 15). It should also be noted that the 
charging time of the thermal storage system significantly shortens as 
well: Δt = 5271–4067 = 1204 s. It means a bit more than 20 min in the 
morning.

Using real operating conditions of solar collectors for simulation, the 

Fig. 13. The change in the energy storage's inlet and outlet fluid over a seven-day cycle for controlled flow of partially charged TES, computed by COMSOL 
Multiphysics.

Fig. 14. Temperature distribution of the first layer in the partially charged TES system at different time steps, showing heat propagation from the pipe network into 
the surrounding soil from the second day (t = 1,72,800 s) to the seventh day (t = 6,04,800 s) with a one-day interval, under controlled flow.
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daily TES charging intensity varied according to changes in cloudiness, 
air temperature, and other factors. This has a direct impact on the TES 
charging time interval, not only on the same day, but also on subsequent 
days. Higher TES charge losses due to the reduced time interval occur in 
September when the temperature difference Tavg,sand,t(i) – Tair,t(i) in
creases to 50 ℃. At this time, the intensity of solar radiation is signifi
cantly lower, and the weather is more cloudy and rainy. The 
aforementioned energy losses may even approach the 5 % limit.

6. Discussion

The experiment provided insights into the performance of the soil- 
based thermal energy storage system under controlled conditions with 
minimal daily temperature variations (Chapter 4). The two-hour daily 
heating period represented intermittent energy input, allowing for the 
observation of short-term heat storage without overheating. The eight- 
day experiments captured heating (charging) and cooling (discharg
ing) cycles, avoiding seasonal shifts. The electric heating device in the 
experimental setup delivered a study and concentrated thermal input 
over a small surface area, creating a strong local temperature gradient in 
the sand. This was intentional, as it mimicked the localized heat transfer 
conditions that occur around the heat exchanger pipes during solar- 
assisted charging. In the numerical model, the thermal energy sup
plied by the solar collectors was distributed along the entire pipe 
network, producing a lower but more uniform heat flux into the sur
rounding sand. Although the intensity and distribution of the heat differ 
between the two configurations, both systems rely on conduction as the 
dominant heat-transfer mechanism within the sand. As a result, the 
experimental setup accurately captures the local thermal behaviour of 
the sand near a heat source, making it directly relevant for validating the 
numerical model developed for the full-scale storage system. This en
sures consistency with the established heat-transfer similarity principles 
for conduction-controlled systems (Bergman et al., 2011).

Precipitation and groundwater influences were not considered 
because the TES was covered with polyethene, which prevented water 
infiltration and ensured consistent boundary conditions (Chapter 4). The 
sand used in the TES contained approximately 10% moisture, repre
senting an average gravimetric water content for compacted sandy soils 
in Kaunas at shallow depths. Field data from Lithuanian sandy deposits 
indicate typical unsaturated moisture content of about 4–9% and up to 
14–23% when saturated, while general spoil-physics datasets report 
field capacities of 6–10% gravimetric for sand. Thus, 10% was adopted 
as a representative mid-range value corresponding to realistic locval 

summer conditions while avoiding both dry and near-saturated ex
tremes (Allen et al., 2006; Dundulis et al., 2006). Because the experi
mental setup was sealed with polyethylene, the moisture content did not 
change during the eight-day test, and no evaporation or infiltration 
occurred. Therefore, transient moisture migration and its effect on 
thermal conductivity were not relevant under these controlled condi
tions, and a fixed moisture was appropriate for both the experimental 
interpretation and the numerical model. Nevertheless, 
moisture-dependent thermal conductivity is an important factor in 
natural, unsealed soil systems and represents a valuable direction for 
future investigation (Chapter 2).

The analytical approach assumed that the temperature remains 
below 100 ℃ and is discharged naturally, with significant heat loss 
through the walls of the TES to the surrounding ground. However, it is 
important to note that the heat lost to the sides and the bottom may have 
acted as secondary heat sinks, though this aspect was not investigated in 
this study and remains an area for future exploration. The shallow 
placement of the TES (0.1 m below the ground surface) exposed it to 
near-surface temperature changes. While deeper placement could sta
bilise temperatures, the chosen depth provided insight into the perfor
mance of shallow burial conditions (Chapter 4).

The observed delay in temperature rise at deeper layers was attrib
uted to the soil's thermal inertia and time lag associated with heat 
conduction (Chapter 4). As the heat propagates upward (away from the 
heating source in this case), deeper layers take longer to respond due to 
the gradual nature of conductive heat transfer. This is influenced by the 
soil's ability to store and slowly release heat. However, this study did not 
quantify the specific impact of increasing depth on the time lag.

Mesh refinement and time step sensitivity checks were performed to 
confirm numerical robustness. Further mesh refinement and reducing 
the time step produced negligible changes in temperature results, con
firming that the model is mesh-independent and time-step independent 
(chapter 4). The numerical study (Chapter 5) effectively implemented 
controlled flow conditions, ensuring that circulation occurred only when 
a favourable temperature gradient was present, i.e., a fluid temperature 
higher than the soil temperature. During periods with no solar radiation 
(i.e., nighttime), the solar input was set to zero, and the outlet fluid 
temperature was assumed equal to the ambient air temperature for the 
respective hours. This assumption allowed for a simplified yet conser
vative representation of system behaviour during non-active hours and 
supported the logic of surpassing circulation when thermal charging is 
not viable. The pipe layout and positioning also play a critical role in 
heat distribution within the TES system. Pipe arrangements that 

Fig. 15. The loss in heat to start the heat storage system charge process at early morning (4:30 AM), on the 21st of June, near Kaunas.
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maximise surface contact and promote uniform fluid-solid interaction 
can significantly influence localised temperature gradients and overall 
system efficiency. However, more advanced adaptive flow mechanisms 
were not explored, such as varying flow rates based on real-time tem
perature gradients across different soil depths. And the adopted internal 
heat transfer coefficient h1= 70 W/(m2K) is consistent with laminar 
internal flow, as the Reynolds number computed using the standard 
relation for flow in circular pipes was 1751, which is below the laminar- 
flow threshold of 2300 and therefore justifies the use of laminar-flow 
Nusselt correlations (Bergman et al., 2011) (chapter 3). While the 
schematic used in the numerical model includes a heating system to 
illustrate the possible integration with building thermal loads, this 
component was not included in the present simulations. The focus 
remained solely on transferring thermal energy from the solar collector 
to the TES.

In the present systems, auxiliary energy consumption is mainly 
associated with the circulation of the heat transfer fluid through the TES 
piping network. Hydrauklix assessment using the actual pipe length 
(390 m), the inner diametr (0.02 m), and the flow rate (288 L/h) in
dicates laminar flow Re = 1751) with a frictional pressure drop of 
approximately 0.24 bar (2.36 m head), corrsponding to a hydraulic 
power of about 1.91 W (4–8 W, electrical with realistic efficincies). This 
estimate is consistent with the practical operation of commercial cir
culation pumps, for example, a Wilo-Yonos PICO 15/1–4 (H_max =
4.3 m, Q_max = 2.7 m3/h) specifies an electrical input of 4–20 W, and 
would operate near the lower range (4–8 W) at the present low-flow, 
low-head conditions. Compared to the kilowatt-level thermal charging 
power and seasonal energy input in the MWh range, this auxiliary de
mand is negligible (below 1%) and was therefore not explicitly included 
in the analytical thermal performance calculation (“Yonos PICO 15/1–4, 
Wilo.”,2026).

In addition, compared to conventional Borehole Thermal Energy 
Storage (BTES), the soil-based TES system showed several key advan
tages. First, it eliminates the need for deep drilling and specialized 
borehole equipment, reducing installation cost by up to 40–60%, as 
drilling alone can account for up to 45% of total BTES investments 
depending on site conditions (Gao et al., 2023). Second, its shallow 
placement allows for easier integration beneath buildings and direct 
coupling with solar thermal systems. Third, heat is stored and trans
ferred directly within the sand, avoiding the thermal resistance found in 
BTES. Finally, the simpler design minimises long-term maintenance risk, 
such as fluid leakage or borehole degradation, making it a suitable op
tion for compact building-level energy storage.

7. Limitations and future work

The present study was designed to experimentally validate and 
numerically analyse the short-term thermal behaviour of a sand-based 
thermal energy storage system under empty, partially charged, and 
controlled charging-duration conditions. While the eight-day experi
mental campaign provided robust insight into near-field conductive heat 
transfer, temperature propagation within the storage medium, and 
transient response at multiple depths, it does not directly represent 
seasonal-scale charging and discharging behaviour or long-term thermal 
stabilization of the surrounding soil. Full seasonal operation involves 
significantly longer timescales, boundary self-conditioning, and cumu
lative heat-loss dynamics that require extended experimental moni
toring or multi-cycle numerical simulation.

To ensure controlled and repeatable conditions, moisture migration 
and groundwater interaction were intentionally excluded by sealing the 
storage volume with polyethylene insulation layers. This approach 
allowed isolation of pure conductive heat transfer within the sand me
dium; however, real ground-based storage systems may experience 
coupled heat-moisture transport, evaporation-condensation processes, 
and moisture-dependent variations in thermal conductivity. Conse
quently, the present results primarily represent dry or hydraulically 

isolated storage conditions and should be interpreted accordingly when 
extrapolating to unsealed field installations.

Heat dissipation through the lateral and bottom boundaries of the 
storage volume was acknowledged as a major loss pathway, yet the 
present analysis did not explicitly decompose individual conductive loss 
contributions or quantify the transient buffering role of the surrounding 
soil. Furthermore, although the delayed temperature response observed 
at deeper measurement locations was attributed to thermal inertia and 
conduction-driven time lag, no parametric relationship between depth 
and response time was derived. Such relationships could improve 
simplified design-oriented models for compact seasonal storage systems.

The numerical simulations employed practical but simplified oper
ational boundary assumptions, including zero solar input during non- 
irradiated periods and ambient air temperature representation for 
circulating fluid during inactive hours. While these assumptions pro
vided conservative and computationally efficient conditions for evalu
ating charging behaviour, real collector loop dynamics and diurnal 
thermal inertia may alter short-term loss characteristics. Additionally, 
circulation control was based on a threshold temperature orientation, 
and more advanced adaptive control strategies were not explored within 
the present framework.

Future research should therefore extend the experimental and nu
merical framework to seasonal-scale operation, incorporate coupled 
heat-moisture transport under unsealed soil conditions, and explicitly 
quantify boundary heat-loss pathways. Integration of dynamic building 
loads and advanced control strategies, including variable flow opera
tions such as circulation timing, intensity, and pipe design, and pre
dictive scheduling based on solar availability, will enable full system- 
level assessment. In addition, parametric optimization of pipe layout, 
depth placement, and operational regimes should be conducted to 
enhance heat distribution uniformity and overall storage efficiency 
under realistic climatic conditions.

8. Conclusions

In cold-climate countries, a significant amount of heat is required for 
building heating in the winter. The thermal energy is obtained mainly by 
burning fossil fuels, whether the building uses an autonomous heating 
system or is connected to the district heating network. Solar collectors 
are often used to produce hot water, particularly during warmer periods. 
Heat storage systems would make it possible to use the heat accumulated 
in summer for the cold season. Using soil as a filler in thermo- 
accumulators is a cheap and straightforward option. The basement of 
the building or a limited volume of soil beneath the building can serve as 
the filler container. This research has shown that this is a promising 
solution for sustainable building heating, replacing fossil fuels with 
renewable energy sources, such as solar collectors.

The eight-day experiment revealed a pronounced depth-dependent 
thermal response within the oil-based storage. The layers located 
closest to the heating surface (0–0.1 m) showed the strongest cumulative 
rise, corresponding to a total gain of 30.8 ◦C at 0 m and 31.6 ◦C at 0.1 m. 
The slightly higher gain at 0.1 m demonstrates the natural thermal 
storage behaviour of soil, where a shallow subsurface layer accumulates 
and retains heat more uniformly than the immediate contact zone, 
which undergoes the fastest thermal cycling. The intermediate layer at 
0.5 m observed a substantial amount of heat as well, achieving a cu
mulative gain of 26.1 ◦C. The layers positioned furthest from the heating 
surface exhibited a smaller initial increment but continued to rise pro
gressively across all eight days, achieving gains of 14.3 ◦C at 0.9 m and 
12.3 ◦C at 1.0 m by the eighth day. The most pronounced daily tem
perature increases occurred in the near-surface layers during the first 
charging cycles, 13.9 ◦C on day one and 8.2 ◦C on day 2, while the more 
distant layers showed slower but persistent heat accumulation, even on 
days seven and eight. Therefore, these results confirm clear functional 
stratification: rapid heat uptake in near-surface layers, moderate accu
mulation in the intermediate layer, and persistent long-term storage in 
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the deeper layers.
Charging soil-type thermal energy storage systems by fluid heated in 

solar collectors has certain peculiarities. At night, the collectors do not 
generate heat, and a portion of the accumulated heat may be lost to the 
atmosphere when fluid at a higher temperature flows through them. 
Therefore, fluid circulation needs to be interrupted during the dark 
period. It was observed that the average soil temperature is more suit
able for controlling circulation than the temperature of the fluid exiting 
the TES. The decision was suggested and discussed to initiate circulation 
when the fluid, heated by solar radiation, reaches a temperature equal to 
or 2–4 ℃ higher than the average soil temperature in the TES, and to 
stop circulation when the fluid temperature after collectors becomes 
lower than mentioned.

The charging of TES with heat begins from the initial soil tempera
ture, which depends on the state of charge of the TES and is usually 
significantly higher than that of the atmospheric air. With daily 
charging, the soil temperature gradually increases, and each morning, 
additional time is required to heat the fluid in the collectors to the 
desired level. Due to the higher soil temperature, circulation also needs 
to be stopped earlier in the evening. This results in the actual TES 
loading time being shorter than the calculated one if the soil tempera
ture is not taken into account. In such cases, higher-capacity equipment 
may be necessary to store the required annual amount of energy. 
Depending on the charge level, defined by the average soil temperature, 
the daily operating time of solar collectors for soil charging decreases, 
reducing the charging potential. In June, this reduction is less than one 
per cent, while in less favourable periods, such as September, it can 
reach about five per cent.

This research confirms that a compact, insulated soil-based TES 
system can serve as a cost-effective and adaptable solution for seasonal 
heat storage in buildings. By combining intelligent control strategies 
with a low-cost thermal medium, the proposed approach offers a 
promising pathway towards decarbonised heating systems, especially in 
regions with favourable solar availability during non-heating seasons.
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