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A B S T R A C T

The building sector represents around 36% of global energy consumption and 39% of atmospheric emissions.
Renewable energies require energy storage systems to adjust the gap between energy generation and demand.
In this work, an exploratory study of heating and cooling curves of the ground with the aim of evaluating its
suitability for temporary energy storage has been performed. Experiments were conducted at three different
year periods by injecting heat into a circuit of vertical pipes buried in the ground and then leaving the system
evolve on its own, whilst registering the temperature evolution of probes at 5 different depths. The analysis
of the dimensionless experimental data revealed a certain asymmetry in the behavior during heat injection
and heat dissipation process. During heat injection, the main driving mechanism is the heat power source
coming from the water flowing through the buried pipes; whereas during heat dissipation, it is the particular
characteristics of the ground. The influence of the water table level was determining, separating an upper and
lower zone with a slower and faster response respectively. It was also possible to detect the presence of an
underground water stream, that led to convection effects and the removal of heat due to mass transfer, as well
as to obtain estimates of the apparent thermal diffusivity of each ground layer. The influence of the year period
and atmospheric conditions was especially noticed at the upper ground layers. Accumulated rain beneath the
ground and the relative amount of water carried by the underground stream also affected ground thermal
properties. Finally, guidelines for the design and placement of heat storage systems based on the results of the
study are provided.
1. Introduction

Globally, around 50% of final energy consumption is used for heat-
ing purposes, accounting for 40% of CO2 emissions [1]. The building
sector represents around 36% of global energy consumption and 39%
of atmospheric emissions [2]. In addition, building stock is expected to
increase by 60% for 2050 [3]. The most important mismatch between
thermal energy demand and supply is due to the hourly differences
between generation and consumption, the variation in the energy cost
depending on the time of the day and the distance between generation
and consumption sites [4]. In this context, thermal energy storage (TES)
systems provide economic and environmental benefits, as they reduce
the need of burning fuel. Arce et al. [5] estimated that integration of
TES may lead to potential energy savings of 7.5% in Europe, reducing
associated gas emissions by 5.5%. Moreover, in Spain, this energy
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saving potential represents around 20% from the total value of the UE,
as it is the country with the highest number of concentrated solar power
plants. Hence, an accumulation system can contribute to match the gap
between energy production and demand [6]. Currently, energy storage
is performed mainly by compressed air, batteries, hot or cold water,
ice or inertial batteries [7]. Plenty of research on hydrogen possibilities
has been performed, due to its potential versatility for final uses, but
its production and storage are generally more expensive, considering
its low volumetric energy density.

TES systems may be applied to standalone buildings, multiple build-
ing systems, districts and urban networks with a wide range of ap-
plications [8]. Some of their benefits are: reduction of heating and
cooling energy demand, integration of clean energy sources, increase
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Nomenclature

Greek symbols

𝛼 thermal diffusivity, m2/s
𝛱𝑥 dimensional group associated to property 𝑥
𝜌 density, kg/m3

Roman symbols

𝑐 specific heat capacity, J/(kg K)
𝐷 tube diameter, m
𝑑 distance from tube center to probes, m
𝐹𝑜 Fourier number
𝑘 thermal conductivity, W/(m K)
𝐿 tube length
𝑟 radial distance to tube center, m
𝑇 temperature, ◦C
𝑡 time, s
𝑧 depth, m

Subscripts and superscripts

0 initial property
∞ steady ground property
𝑎 apparent property
𝑟𝑒𝑓 reference property

of generation capacity and flexibility of energy systems, reduction of
emissions and increase of energy efficiency, waste heat recovery, and
increase of operational life and cost reduction in roads, pavements and
bridges by dampening extreme temperature changes. When the energy
to be stored is of low thermal potential, TES may reach process global
efficiencies between 50 and 100% [4], becoming the most adequate
technology for heat storage in concentrated solar plants or nuclear reac-
tors [9]. The waste heat energy potential in the EU has been estimated
as 300 TWh per year [10], and great part of this heat could be stored
in the warmer periods to be later used in the colder ones [11]. Thermal
energy may be stored as sensible or latent heat, as thermochemical
energy, or as a combination of the three [12]. Apart from integrating
renewable sources by balancing the gap between energy generation
and demand, thermal systems may be improved by introducing TES.
These systems do not suffer the degradation caused by the loading and
unloading cycles, as batteries, they present more convenient life cycles
and a longer useful life, and the materials used are less toxic [4]. The
most commonly used heat sources, storage temperatures, efficiencies
and uses for stored heat have been summarized in [11], as well as
the benefits and drawbacks of each technology. A TES system may be
described as a function of the following characteristics [13]: energy
storage capacity, loading and unloading speed, or system power, ef-
ficiency or ratio between loaded and recovered energy, storage period
(days, weeks, months), loading and unloading times, investment and
operational costs (per unit capacity or power), and useful life (number
of loading and unloading cycles).

Natural materials arise as a sustainable option for heat storage.
Rocks, sand or gravel are economic, easy to obtain, non-toxic or
flammable, and they may act as heat transfer surfaces and storage
systems at the same time [4]. For instance, with high-porosity and
permeability rocks saturated with water, the water could be used to
drive heat from the surface to the storage system and vice-versa [14].
Due to the stability of ground temperature during the year in compari-
son with atmospheric temperature, it becomes an interesting option for
heating and cooling applications in buildings. This stored energy may
2

be used directly or coupled with heat pumps [15]. In such developed
facilities, it is easy to store surplus energy from renewable sources,
as in solar thermal plants [16,17]. Considering the type of thermal
system, borehole TES (BTES) has a great popularity, due to its economic
cost and the lower requirements for its installation [17]. In borehole
installations, a closed loop with pipes inserted in wells working as heat
exchangers allows to access the vast capacity of the underground to
store sensible heat [18]. There is a heat source, the well storage, the
heat exchangers, and usually a support tank due to the typically slow
loading and unloading speeds [19]. The pipes may be vertical and U-
shaped, placed with spacing in the storage field and with depths from
20 to 200 m [20], or horizontally buried in trenches. Insulation may
be added on the ground surface [21]. Regarding the characteristics of
the ground, Alva et al. [4] claim a high specific heat, a high thermal
conductivity and low hydraulic conductivity are desired properties,
trying to reduce the underground heat flux.

Although many initial BTES projects stored heat in summer for
heating purposes in winter, they may be also used as cold storage
systems if the underground is cooled by using atmospheric air as a heat
sink in winter. This is a high-efficiency technique that consumes very
few electricity during operation [21]. Nevertheless, the most popular
use is a combined system that stores heat and cold, so the underground
works as a heat source at low temperature in winter, coupled to a heat
pump, and works in direct cooling mode in summer, activating the heat
pump only when the thermal reserve is depleted. The system could
be also used to reduce the cooling power installed and allow a more
continuous operation of the cooling equipment [22]. On the other hand,
underground sensible heat storage may be used to store heat or cold
when electricity price is low and use it when it rises up. Several studies
have shown promising results, from the installation of TES systems be-
neath building foundations [6], to the use of sand beds in both cold [23]
and hot [24] climates. With subterranean water, it was possible to
cover up to 98% of heating demand in cold climates [25]. Compared
to aerothermal systems, a reduction of 74% of electricity demand was
found by Lu, He & Mao [26]. After verifying the impossibility of
transitioning directly to a low-temperature solar energy urban heating
system for the university of Darmstadt, Formhals et al. [27] proposed
a step-by-step transition by reducing the net temperatures successively.
To this aim, they supported the transition with an underground thermal
storage system. Other example of underground heat storage at large
scale may be found in [28], who evaluated the possibility of coupling
it with Power-to-X systems. Finally, since the 4th generation of urban
district heating systems (DHS), network temperatures are becoming
lower, using heat generated from renewable sources or industrial waste
heat [29]. Therefore, TES systems are becoming increasingly relevant
for the design of smart cities.

The need of developing and implementing intelligent and flexible
thermal systems that integrate thermal energy storage is clear [6].
In the experimental field, ASHRAE standards can be used for testing
TES systems (943 - Method of Testing Active Sensible TES Devices
Based on Thermal Performance and 94.1-1985 - Method of Testing
Active Latent Heat Storage Devices Based on Thermal Performance). To
determine the effective thermal conductivity and the thermal resistance
of boreholes, the so-called Thermal Response Test may be used [30].
This test injects a heat pulse through a fluid inside the well, allowing
to obtain the thermal response from the average of the inlet and outlet
fluid temperatures. Coupling the results with an approximate model of
underground heat transfer and considering the ground as homogeneous
and isotropic, neglecting geological layers of underground water, it is
possible to obtain approximations of the ground thermal conductivity
and the thermal resistance with errors around 5% and 10% [21]. Com-
plementarily, measuring the temperature profile along the borehole
depth may provide valuable information about the geological layers
and potential underground water streams (VDI Guideline 4640) [31].

One of the research lines identified by Dincer and Rosen [7] is
the study of operating conditions and efficiency of TES related to

energy conservation in buildings, including heat and mass transfer in
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Fig. 1. Scheme of the vertical pipes circuit alongside the geological description and a view of the buried pipes entering the ground.
transient conditions, so that electricity demand may be changed to
periods in which it is more economic. The application of solar heating
and factors that affect TES are also potential research ideas. Two of
the main barriers for adopting TES systems, following [7], are the
lack of adequate information and commercial options, and the lack
of demonstrations of local long-term TES systems such as aquifers or
boreholes. Considering that the development of knowledge about the
working principles of TES in borehole systems, setting the focus on
local technologies, and the realization of R&D activities in TES systems
may help to contribute to advancing the development of commercial
systems, in this experimental work, the behavior of the ground as a
temporary energy accumulator is studied.

In the 2000s, 5 office building prototypes were built or retrofitted in
the context of the strategic project ARFRISOL [32]. The main objective
of this project was to show the adequacy of bio-climatic architecture
and solar energy integration in buildings, considering both heating and
cooling, as well as electricity production. Thanks to that project, the
Gijón Solar Cooling Laboratory (GSCL) [33] was installed at the Uni-
versity of Oviedo. This laboratory allows testing different heating and
cooling technologies in a modular arrangement, including a geothermal
installation with vertical buried pipes. With funding from the project
RehabilitaGeoSol [34], it was possible to complete the experimental
facility, obtaining the first results from the circuit of vertical pipes. This
work, completing the results presented in [35], presents experimental
results from the heat loading and dissipation curves in the vertical
buried pipes of the laboratory, providing insight into the influence of
depth and the year period on the thermal behavior of the ground.

2. Materials and methods

2.1. Geology of the area and experimental facility

The idea behind the inception of the GSCL was the possibility of
testing diverse solar cooling technologies for buildings. The facility is
located in the Polytechnical School of Engineering of Gijón from the
University of Oviedo and is based on a lithium chloride absorption
machine ClimateWell-CW10 which may be connected to different heat
sources or sinks. In addition, the machine has two different barrels
to mix LiCl and water, being possible to charge one barrel while
discharging the other one. Heat may be generated in a solar collector, a
biomass boiler or an electrical boiler, whereas heat dissipation may be
performed in a dry cooler, a water cooling tower, a water reservoir or
a series of ground heat exchangers consisting of vertical and horizontal
pipes. In Fig. 1, a scheme of the equipment from the facility used in
this work is shown: the electrical boiler, a hot water storage tank, a heat
exchanger and the set of vertical buried pipes, alongside the circulation
pumps and the instrumentation (flowmeters and temperature probes).
The figure also contains a graphical description of the geology of the
3

area, as well as a view of the buried pipes. The ground, as shown in
the scheme on the right side of Fig. 1, is composed of a superficial
organic layer with 1 m of depth. Afterwards, an eluvial layer consisting
of clay extends down to 7 m deep. Then, the formation corresponding
to Gijón location, composed of dolomite, encompasses depths from 7
to 103 m below the ground, mixing with limestone at depths from
103 to 106 m. From this depth on, the soil is mainly composed of
limestone. The thermal characteristics measured from a series of dry-
ground probes may be found next to the description of the geology,
i.e., thermal conductivity and volumetric heat capacity. Note that the
values correspond to dry ground average properties.

The experiments proceeded as follows. Firstly, the electrical boiler
was used to heat water, which was then circulated to a hot water
storage tank. Then, via a heat exchanger, heat was transferred to a
closed-loop circuit of vertical pipes that are buried into a 140 mm
diameter borehole in the ground, filled with gravel. Each loop consists
of 2 U-shaped circuits with 32 mm diameter pipes, reaching a maximum
depth of 140 m. A detailed view of the constructive characteristics of
the pipes inside a borehole is depicted at the bottom-left part of Fig. 1.
The instrumentation used to monitor the heat injection and dissipation
processes is the following: five 3-wired PT-100 probes fitted to the outer
pipe surface at depths of 10, 12, 19, 69 and 139 m; and two Kobold
inductive flowmeters, one for the tank-heat exchanger circuit and other
for the buried pipes-heat exchanger circuit. This instrumentation was
wired to a Keithley 2700 multimeter, coupled to a multiplexer 7700
that allowed the connection to a PC, recording data every five minutes.
The accuracy of the PT-100 probes is ±0.15◦C, while the accuracy of the
flowmeters is ±0.3% of the measurement.

2.2. Experimental tests

The experimental tests sought to gather data about the thermal
response of the ground at different months of the year, so three pe-
riods, corresponding to winter, spring and late summer in the region
were selected. The first measurement campaign was performed in May
2019, followed by September 2019 and February 2020. Fig. 2 shows
an example of the experimental curves obtained in May 2019. As it
may be observed, the tests consist of two stages: heat injection and
heat dissipation. During the heat injection stage, hot water from the
storage tank is driven through the geothermal circuit until stationary
conditions are measured at the temperature sensors. Afterwards, the
circuit is stopped and the dissipation of heat is monitored. During all
the process, the temperature at all probe positions from 10 to 139 m
depth is measured. Table 1 collects the main global conditions of the
experimental tests: heat injection time, average temperature, flowrate
and average injection power, heat dissipation monitoring time, and
total experiment time. The different conditions regarding heat injection
were selected trying to keep similar heating power values between
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Fig. 2. Temperature evolution at different depths during the experiments of May 2019.

Table 1
Summary of experimental test conditions.

May September February

Heat injection time 8,685 min 20,000 min 10,110 min
Average heat injection temperature 44.7 ◦C 43.0 ◦C 47.3 ◦C
Heat injection flowrate 19.2 L/min 22.5 L/min 11.6 L/min
Average heat injection power 17.5 kW 15.5 kW 14.0 kW
Heat dissipation monitoring time 4,515 min 19,315 min 21,690 min
Total experiment time 13,200 min 39,315 min 31,800 min

the experimental campaigns to allow the comparison between different
periods, although using different temperature and flowrate values. The
total experiment time was determined by the maximum period without
interruptions in electric supply.

2.3. Dimensional analysis

Before analyzing the experimental results, dimensional analysis was
applied to the problem. As considered by Reuß [21], for the first
approximation, the ground thermal conductivity was assumed to be
isotropic. The temperature and characteristic ground properties are
assumed to be scalar functions and have cylindrical symmetry. The
ground surface was assumed to be adiabatic to perform the dimensional
analysis, awaiting the later evaluation of the effect of atmospheric
conditions. Following the procedure detailed in [35], a relationship for
the temperature difference 𝛥𝑇 between a point below the ground at
depth 𝑧 and a distance 𝑟 from the pipes, and a point located at the
same depth and away from the influence of the pipes may be obtained
as:

𝛥𝑇 = 𝑓 (𝑟, 𝑧,𝐷,𝐿, 𝑘, 𝜌, 𝑐, 𝛥𝑇0, 𝑡) (1)

where 𝐷 and 𝐿 are the pipe diameter and length in m; 𝑘, 𝜌 and
𝑐 are the thermal conductivity in W/(m K), the density in kg/m3

and the specific heat capacity in J/(kg K) of the ground; 𝛥𝑇0 is the
temperature difference at the start of the heat dissipation process in K,
and 𝑡 is the elapsed time in s. After applying Buckingham’s Pi theorem,
the following functional relationship between dimensionless groups is
obtained:
𝛥𝑇
𝛥𝑇0

= 𝐹
( 𝑟
𝐿
, 𝑧
𝐿
, 𝐷
𝐿
, 𝐹𝑜,𝛱𝑡

)

(2)

where 𝐹𝑜 = 𝛼𝑡∕𝐿2 is the Fourier number and 𝛱𝑡 = 𝛥𝑇 1∕2
0 𝑐1∕2𝑡∕𝐿. This

result, obtained by means of the classic dimensional analysis, considers
the variables as scalars. Nevertheless, considering the algebraic nature
of the variables, spatially discriminated dimensional analysis can be
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applied, with the advantage of reducing the final number of dimen-
sionless variables involved in the problem [35]. Through this analysis,
it can be detected that the monomial 𝛱𝑡 may be left out of the list of
influencing monomials, as it is not neither justified experimentally nor
found in similar problems in the literature. In addition, as 𝑟, 𝐷 and 𝐿
have constant values in the present case study, a simplified functional
relationship can be used for the present experimental study:
𝛥𝑇
𝛥𝑇0

= 𝐹
( 𝑧
𝐿
, 𝐹𝑜

)

(3)

2.4. Postprocessing of results

Firstly, a third-order one-dimensional median filter was applied to
the measurements [36] to remove outliers. After that, results were
made dimensionless to allow for the comparison of different depths and
year periods.

The exact evolution of ground thermophysical properties is not
known, so a constant and isotropic value for the apparent thermal
diffusivity 𝛼𝑟𝑒𝑓 = 5.288 ⋅ 10−7 m2/s was used to make variables dimen-
sionless, consistent with the trial pit values from the RehabilitaGeosol
project [34] for density, 3200 kg/m3; specific heat, 1300 J/(kg K);
and thermal conductivity, 2.2 W/(m K). However, due to the observed
different behaviors at different depths, as depicted in Fig. 2, an attempt
was made to obtain an estimate for each ground depth. With this
objective, the apparent thermal diffusivity 𝛼𝑎 was left free for each
data series, obtaining estimated values from the fitting of the experi-
mental results, using the equation proposed in [37] for transient heat
conduction in semi-infinite solids:

𝛥𝑇 (𝑡) = 𝛥𝑇0 erf
(

𝑑∕
√

4𝛼𝑎𝑡
)

(4)

Here, 𝑑 is the distance between the tube center and the probe position,
0.07 m. Values of 𝛼𝑎 in the order of magnitude of 10−7 are to be
expected, in line with typical values reported in the literature [38–40].

2.5. Atmospheric weather effects

Atmospheric conditions, especially, temperature and humidity, may
influence the behavior of the uppermost ground layers. To provide
explanations for different behaviors at different year periods, mete-
orological data corresponding to the days in which the experiments
were performed, up to the previous month, were collected from the
Spanish State Agency for Meteorology AEMET [41]. The results have
been collected in Table 2, with the hope of providing insight into the
understanding of weather effects in the boundary conditions that affect
the ground thermal behavior.

Regarding temperature records, average atmospheric temperatures
are 12.4 ◦C, 18.4 ◦C, and 10.7 ◦C for the experiments of May 2019,
September 2019 and February 2020 respectively. Comparing injection
and dissipation, May showed an increasing trend in temperatures;
whereas September showed a decreasing trend. In the case of February,
average temperatures decreased slightly. Considering precipitations, a
high period of rain before the start of the experiments may be found in
May 2019, with 91.9 mm, followed by February 2020, with 49.2 mm,
while September 2020 was the driest month, with 29.2 mm. These
trends changed during the experiments, with May 2019 being the
driest, with 5.2 mm. September 2019 was wetter, with 11.2 mm, whilst
February was the wettest month, with 19.2 mm. Comparing heat injec-
tion and dissipation periods, just 1 mm was found in May for injection,
followed by February with 5.2 mm, and a relatively high amount of
rain was found in September, 10.4 mm. On the other hand, during
dissipation, almost no rain (0.8 mm) was found in September, 4.2 mm
were found in May, and 14 mm were found in February. Temperature
affects heat capacity and thermal conductivity, both typically increas-
ing with temperature, so that the changes in thermal diffusivity will be
linked to the relative change of these two variables. In addition, it has
been verified that the different ground constituent minerals and rocks
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Table 2
Weather atmospheric conditions at the experiment dates.

May September February

Cumulative precipitation (1 month before experiments) 91.9 mm 29.2 mm 49.2 mm
Cumulative precipitation (1 week before experiments) 15.4 mm 6.2 mm 11.0 mm
Average ambient temperature during injection 11.4 ◦C 18.8 ◦C 10.9 ◦C
Cumulative precipitation during injection 1 mm 10.4 mm 5.2 mm
Average ambient temperature during dissipation 14.5 ◦C 17.2 ◦C 10.6 ◦C
Cumulative precipitation during dissipation 4.2 mm 0.8 mm 14 mm
Fig. 3. Dimensionless heat injection curves in different periods (constant ground diffusivity).
typically leave gaps in between, that may be filled with fluids [42].
The heterogeneous composition of the ground represents a difficulty for
estimating its thermophysical properties, with an increase in humidity
linked to an increase in thermal conductivity and volumetric heat
capacity [43]. Nevertheless, with increasing levels of water, ground
thermal conductivity reaches a maximum, whereas the heat capacity
continues to increase. Therefore, for ground thermal diffusivity, an
increasing tendency with humidity is expected, reaching a maximum,
and decreasing afterwards [44,45].

3. Results and discussion

At a first glance, there was no observable effect of atmospheric
temperature oscillations, even at the probes at the shallowest ground
layers, in any of the studied periods. In this section, firstly, the effects
of ground depth considering a constant thermal diffusivity will be
presented and discussed. Then, these effects will be reviewed, but
allowing for the vertical variation of the ground thermal diffusivity.

3.1. Effects of ground depth considering constant ground thermal diffusivity

Results for heat injection and dissipation, considering a constant
ground thermal diffusivity, are presented in Figs. 3 and 4.
5

Regarding the heat injection curves in Fig. 3, the ones from May
seem to evolve faster. Although this effect could be related to the
higher average heat injection power (around 12.9% higher than in
September), must have another explanation, because the curves from
September, which had a higher average heat injection power than
the ones from February (around 10.7%), evolve slower. Looking at
Table 2, it could be argued that the fastest curves are related to the
period with more accumulated precipitation before the heat injection
stage (May - Fig. 3(a)), whereas the slowest ones happened in the
period with the lowest amount of precipitations (September - Fig. 3(b)).
The water retained in the gaps between the ground constituents could
be related to an increase in the thermal conductivity, increasing its
thermal diffusivity. The apparent shift due to depth in the curves
from September in comparison with other months is related to the 𝑥
– temporal – axis, which becomes enlarged due to the longer time
required to reach steady-state conditions. Nevertheless, considering the
variations related to depth in the three periods, it may be observed
that the slowest evolving curve is the uppermost one (Z = 0.071).
Probably, the proximity to a colder ground level is the responsible
of this behavior. Surprisingly, the deepest regions evolve at a slower
speed than the region at Z = 0.086. This fact could be related to the
depth at which the water table is located (15 m below ground level,
corresponding to Z = 0.107). Being these layers saturated with water,
probably the maximum of thermal conductivity has been reached,
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Fig. 4. Dimensionless heat dissipation curves in different periods (constant ground diffusivity).
whilst the heat capacity and density have continued to increase, thus
decreasing thermal diffusivity.

Comparing the heat dissipation curves shown in Fig. 4 with the
previous ones from Fig. 3, a certain asymmetry in the behaviors at
heat injection and dissipation may be appreciated. The effect of depth is
not so determining at heat injection as it is at heat dissipation, hinting
at some kind of ‘‘ground thermal asymmetry’’. It seems that, due to
the vicinity of the sensors to the water circulating inside the pipes,
once the heat source is removed and the system is left to evolve on its
own, the particular characteristics of each ground layer become more
appreciable.

By looking at Fig. 4, an upper zone corresponding to 𝑍 ≤ 0.086
shows evolution trends different to the ones in the lower zone (𝑍 ≤
0.136). This result agrees with the heat injection behavior, considering
that the water table divides the ground into two distinct regions. On the
other hand, the abrupt behavior of the curve at 𝑍 = 0.493 shows that
the ground is incapable of keeping the heat stored at this depth for as
long as at the other depths. This rapid decrease of temperatures during
dissipation must be explained by a different heat transfer mechanism,
such as an underground water stream, able to extract heat at a higher
rate thanks to the continuous renewal of water and the additional
convection mechanism. Finally, comparing the three months, the gap
size between upper and lower ground regions is larger in May than
in the other months. A possible explanation is the less amount of rain
before the heat dissipation stage, so, when it rains then, it contributes to
lower the temperature of the upper layers of the ground and increases
their thermal conductivity. In addition, in September and February,
there was more rain during the heat injection process, which could
have increased ground heat capacity, and consequently, the injection
time required to reach steady conditions and the thermal energy stored
6

before initiating heat dissipation. The region below the water table,
nevertheless, does not appear to be so affected by the weather.

3.2. Effects of ground depth considering vertical variation of ground thermal
diffusivity

After comparing the heat injection and dissipation trends, the pos-
sible vertical variation of ground thermal diffusivity was considered
by fitting the experimental data with Eq. (4). Regarding heat injection
curves, when the variables were made dimensionless, temperature
evolution seems to collapse into the same trend for all depths, as shown
in Fig. 5.

This suggests that the dominant heat transfer mechanism is the same
at all depths: the heat power source coming from the water inside the
pipes. Convection will make the inner tube wall reach a temperature
close to the circulating water relatively soon, transferring afterwards
heat by conduction to the outer walls of the pipes and the surrounding
ground. The heat injection in the first tests (Fig. 5(a)) shows an initial
oscillating pattern, caused by the electric boiler control system.

Estimates of apparent thermal diffusivity values for each ground
layer obtained from the temperature data fitting for the different year
periods tested are shown in Fig. 6, and actual values have been col-
lected in Table 3.

Although the range of thermal diffusivity values for the ground
may be very broad, the results are similar for all depths and months,
ranging from 3 to 8 ⋅ 10−7 m2/s, in the order of magnitude of the
values reported in the literature (10−7 m2/s). In addition, it has been
observed how values stabilize below the water table, from 𝑍 = 0.136
down, for all months, whereas values above the water table are more
affected by ambient conditions. A possible explanation for the slightly



Journal of Energy Storage 94 (2024) 112419A. Meana-Fernández et al.
Fig. 5. Dimensionless heat injection curves in different periods (different layer diffusivity).
Table 3
Apparent ground thermal diffusivity as a function of dimensionless depth and period.
𝑍 = 𝑧∕𝐿 May September February

𝛼 × 107 [m2/s] 𝛼 × 107 [m2/s] 𝛼 × 107 [m2/s]

0.071 5.69 3.38 3.99
0.086 7.77 5.58 7.26
0.136 3.75 3.95 4.77
0.493 5.88 6.03 6.03
0.993 4.77 4.72 4.61

higher values found at the upper ground layers in May could be,
indeed, the higher amount of precipitation. Values below the water
table (𝑍 = 0.107) seem to be more stable all year round, hinting at the
possibility of a more stable storage system at these depths. Diffusivity
changes at the layers above the water table may be ascribed to weather
effects and will be commented in the subsequent subsection. Finally,
the relatively high diffusivity values for the heat injection stage in May
can be related to the amount of rain registered up to one week before
the experiment. The accumulation of water, coupled to the higher heat
injection power, could have caused the oscillating response from the
system up to 𝐹𝑜 = 0.5 in Fig. 5(a). Therefore, the exact values of
diffusivity obtained from the fitting of data, although valuable for the
comparative analysis, should be considered with care.

On the other hand, once the heat injection stage is finished, the
power source is removed and the system is left free to evolve, a heat
transfer mechanism hidden until that moment is revealed: all curves
collapse into the same one, apart from the one located at 𝑍 = 0.493,
which shows a totally different trend, as depicted in Fig. 7.

This particular depth is thought to be related to an underground
water stream, which allows a higher heat dissipation rate by convection
and the constant renewal of cold water. Hence, dimensionless represen-
tations with different thermal diffusivity values for each ground layer
7

Fig. 6. Apparent thermal diffusivity as a function of depth for different months.

may be useful to identify the dominant heat transfer mechanism. In
addition, they also confirm the physical explanation for the differences
observed in heat injection and dissipation processes from Figs. 3 and 4
at that depth. During heat injection, the dominant heat transfer process
is related to the continuous supply of hot water to the pipes, with
all curves exhibiting similar trends. During heat dissipation, the main
heat transfer mechanism is dissipation beneath the ground towards
colder regions. In the case of the ground, the dominant mechanism
is conduction; but, when underground water currents are present,
convection and water mass transfer acquire a more dominating role in
heat transfer.
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Fig. 7. Dimensionless heat dissipation curves in different periods (different layer diffusivity).
3.3. Seasonal and atmospheric effects

To evaluate the differences between the system behavior at differ-
ent year periods, Figs. 8 and 9 are presented for heat injection and
dissipation stages.

Regarding the heat injection curves depicted in Fig. 8, it must be
noted that, as different injection conditions were used, a detailed com-
parative quantitative analysis is out of scope. However, it is possible to
perform a qualitative comparison between the temperature evolution
for different months. The trends of the curves are similar, especially
from 𝐹𝑜 = 2.5⋅10−6 up. The differences up to that point may be ascribed
to the injection process itself, with the smoother curves from February
corresponding to the lowest heat injection flowrate. Instabilities in
the electric boiler control system were observed during heat injection
in May, which had the highest average heat injection power, being
a possible cause for the different behavior with respect to the other
months up to 𝐹𝑜 = 2.5 ⋅ 10−6, This issue, coupled to the higher amount
of rain registered before beginning the experiments, may explain the
different behavior alongside the higher apparent diffusivity values
collected in Table 3. With the similarity in the shape of the curves
in May and the ones corresponding to the underground water stream
found at 𝑍 = 0.493 for dissipation, it might be argued that, indeed,
the ground is relatively wet. This effect is visible at all depths, so it
seems that the ground has not been able to drain all the precipitated
water from the layers above the water table. Comparing the curves
from September and February, they present similar values, except at
the uppermost layer (Fig. 8(a)). Considering that February was a colder
month and with more rain intensity before starting the experiments,
this could explain why the evolution of February curves is faster. With
water increasing thermal conductivity, and starting from a lower initial
8

temperature, it seems logical that the curve reaches before smaller
values of dimensionless temperature. On the other hand, the higher
amount of rain registered during the injection stage in September could
have influenced the loading process by lowering the temperature of the
uppermost ground layer, shifting the curve upwards.

When the evolution of dimensionless temperatures at heat dissi-
pation was observed, as in Fig. 9, almost no differences were found
between the curves. Curves from February and September follow al-
most the same pattern, with small differences being probably due to
the same causes related to weather conditions and rain accumulation
already commented with the heat injection results. The curves from
May present a similar trend but, at lower depths, the slope of the curves
is higher. This behavior may be attributed to a higher level of water
accumulated from the rain. Nevertheless, this effect is not so significant
as in the heat injection curves from Fig. 8, so most of the accumulated
water must have been already drained by the ground. Looking at the
effect of the year period for different depths, it seems that the energy
stored at the uppermost layers of the ground is more influenced by
ambient conditions. Therefore, insulation would required at the upper
ground layers, to avoid interference from atmospheric conditions. Fi-
nally, the slight difference between the curves for September and the
other periods at the lower depths may be attributed to the effects of
the underground water stream at 𝑍 = 0.493. After summer, the stream
carries less water, not being able to draw heat at the same rate as in
February.

To sum up, it has been observed that the introduction of water
into the ground increases thermal conductivity and diffusivity up to a
certain limit in which the thermal conductivity reaches its maximum.
This allows the design of faster heat injection and recovery curves
for energy storage, as in the required experiment times collected in
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Fig. 8. Dimensionless heat loading curves at different depths for different periods.
Table 1 for May. Considering that wet ground has higher specific heat
and density, it will represent an advantage for the quick storage and
recovery of heat energy with a higher specific energy density, with
insulation helping to increase storage times. However, if small heating
power values are required, dry ground could store energy for longer
times requiring less insulation.

4. Conclusion

The main conclusions of this work may be summarized as follows:

1. The study aims to assess the feasibility of using the ground for
temporary energy storage through the analysis of heat injection
and dissipation curves.

2. Experimental tests were conducted using vertical buried pipes
in the Gijón Solar Cooling Laboratory. Significant asymmetry
9

was observed between heat injection and dissipation processes.
The proximity to colder ground levels slowed the temperature
evolution during heat injection. The water table level influenced
the thermal response, with different evolution speeds above and
below. Ground saturation with water increased thermal inertia.

3. During heat dissipation, distinct trends were observed between
upper and lower ground regions, influenced by the water table
level. Underground water streams contributed to heat dissipa-
tion through convection effects. Apparent thermal diffusivity
estimates align with literature values, although a qualitative
interpretation was emphasized.

4. The findings suggest opportunities for designing faster heat in-
jection and recovery curves with water introduction into the
ground. Ground characterization, including the water table level
and climate conditions, is crucial for selecting suitable depths
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Fig. 9. Dimensionless heat dissipation curves at different depths for different periods.
for thermal energy storage. The analysis of heat loading and
dissipation curves offers valuable insights into the viability of
ground-based energy storage solutions.
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