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The significance of energy storage methods and related R and D studies are in-
creasing due to the depletion of fossil fuels, rising energy prices, and growing en-
vironmental concerns. Storage of energy means elimination of practical concerns 
for the time difference between the time when the energy is produced and when 
it’s needed. The importance of producing and storing energy through renewable 
sources is increasing every day, especially in developing countries like Turkiye, 
as such countries would like to reduce their dependence on foreign sources. This 
study focuses on an underground thermal energy storage system that was modeled 
for Van Region, using M-file program. The performance of an isolated day heat 
system as a thermal energy storage was investigated, and the thermal energy stor-
age capacity of the system was researched for a 5 m × 5 m × 5 m soil area located 
on the Van Yuzuncu Yil University Campus. The temperature distribution, heat loss, 
and efficiency calculations were performed for a complete year and 3-D represen-
tations of the findings were obtained. The lowest efficiencies were observed in May, 
while the highest efficiencies were observed in July. It was found that the maximum 
heat loss from the system took place during December and January, and the system 
could be easily and effectively become a heating source for a single household with 
the addition of a heat pump.
Key words: thermal energy storage, heat transfer, finite element method,  

underground thermal energy storage, energy efficiency

Introduction

Today, the energy needs of the ever-increasing populations and expanding industrial-
ization can’t be met by the existing energy production facilities easily, especially for developing 
countries like Turkiye. In the current situation the difference between energy production and 
consumption is growing rapidly [1]. To meet the rapid increase in energy demand it is necessary 
to diversify energy production and storage methods, for which the RES are a prime candidate. 
Currently the majority of the world energy need is met by fossil sources such as coal, natural 
gas, and fuel oil. The fact that fossil fuels are depleting rapidly and there are significant envi-
ronmental and economic concerns related to their use further promotes the case of renewable 
energy sources [2]. 
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Nevertheless, the constraints that are present in many of the RES like time, climate, 
and weather conditions makes them unreliable in terms of grid and energy supply security and 
consistency. The energy production based on these renewable green sources can show great 
variations seasonally, daily, and even between two consecutive moments. It is for this reason 
that a plethora of energy storage methods are being employed along with green energy produc-
tion. In theory these storage methods secure grid feed and energy presence under all time and 
demand conditions. However, in practice these systems still need further improvements in order 
to perform their roles fully as intended, making research on them is important. 

Energy can be stored in many different forms including biological, chemical, thermal, 
and electrical forms or as potential, gravitational potential, or kinetic energy [3]. In cases where 
the energy stored in the energy storage system (ESS) that is sustained by a RES, that particular 
ESS is called renewable energy storage system (RESS) [4]. The best ESS systems are consid-
ered to have the following properties: high storage capacity, high charge/discharge efficiency, 
low self-discharge and capacity losses, long life, cheapness, energy intensity, low weight, a high 
cycle number, and high charge and discharge rates.

In this study, a seasonal energy storage model was developed based on the thermal 
energy storage (TES) concept. Seasonal storages usually aim to store the heat in the summer 
and use it during the winter for heating, or they store the cold of winter to use it during the 
summer for cooling. 

As a TES method, seasonal storage of energy in soil can be applied in different ways. 
The main driving force behind utilizing such soil energy usage is the fact that underground tem-
perature is not affected by seasonal surface conditions, especially after 10-20 m ground depth 
range. This range is named the Neutral Region and presents a stable soil structure in terms of 
temperature. Thus, non-vertical applications for soil heat storage systems rarely go beyond 20 
m depth. Vertical systems, meanwhile, use deep vertical channels borehole thermal energy stor-
age (BTES) system, that utilize a fluid for both heating and cooling purposes, and their depth 
varies greatly between applications. Finally, the heat capacity of an energy-storing soil zone 
also changes based on its geological structure and composition [5, 6]. 

There are various studies in the literature regarding ESS and TESS, both from for 
modelling and experimental points of views, along with general overview and theory papers  
[7-11]. Many studies focus on modelling of heat pump systems [12, 13], and many are con-
ducted for BTES systems [10, 11], while some of them focus on solar heat addition mechanics  
[7, 10, 14, 15]. There are also some economy and feasibility studies conducted for TESS and 
ESS systems [16-19], which are concerned with the operating and investment costs of such 
systems. 

As an original study utilizing a novel method, the present study aims to model an 
underground thermal ESS in order to examine its performance metrics. The model area has 
a specific volume (5 m × 5 m × 5 m) that is well insulated, and stores heat obtained through 
solar heat systems. The study takes into consideration the temperature distribution, heat loss, 
and efficiency parameters, and monitors and records them for a complete year, in 3-D, for the 
specified volume.

Material and method

In the study, a specific soil zone located in Van Region of Turkey was used as study 
target area for the modelling of an underground thermal energy storage (UTES) process using 
the M-file program. The aim of the study was to examine the amount of heat that could be stored 
under the ground using a seasonal energy storage approach, challenged by the cold climate 
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properties of the region. The study area for TES was determined to have diameters of 5 m × 
5 m × 5 m, and was deemed to be within the Van Yuzuncu Yil University Campus. In order to 
protect the stored thermal energy, a 25 cm thick XLPE insulation material was assumedly used 
as a cover around the area. This study is the modelling phase of a wider project that covers ex-
perimental studies also and the modelling is verified through the project.

The first part of the modelling was concerned with the short-time storage of the ther-
mal energy obtained though solar water heater system. Calculations for this stage were based 
on the average monthly radiation amount from the Sun. The hot water was assumed to circulate 
in the 140 m long U-shaped underground pipes in the central part of the area (–2.5 m). It is here 
that, as the hot water circulates in the pipes, heat transfer occurs between the pipes and the soil, 
providing the seasonal energy storage. The physics of this second transfer and the following 
temperature distribution in the soil was calculated using the FEM in the M-file program. 

In the study, calculations were made for two different time conditions. In the first part, 
the calculations were performed for the summer period when the energy was being stored into 
the system. The second part calculates the temperature distribution, heat loss, and efficiency 
calculations for the whole year, in 3-D, for the whole volume.

Modelling

For the present study, seasonal energy storage modelling for an underground thermal 
ESS fed through solar heat panels was performed. In the model, the hot water that transfers 
the solar heat to soil circulates in the underground pipes with the dimensions given in a closed 
cycle system.

Heat transfers from the hot water to soil in first part. The air in the soil is neglected in 
the calculations, and heat transfer is assumed to occur solely through conduction:

st in out gE E E E∆ = − + (1)
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In the model, the only energy entering the system comes through the energy trans-
ferred to the underground storage by the solar water heaters. First heat loss was neglected, but 
the model takes into consideration energy gains for different time periods of the year, and also 
the differences that occur through depth variation. The losses due to cooling are also calculated 
considering time and depth differences in the second part. 

It is necessary to calculate the heat that will be transferred into the soil depending on 
time. First, the average energy from the Sun and the number of sunny days were calculated. 
Next, the laminar flow in the pipes and the relevant constants are calculated. The temperature 
distribution equation along the pipes is then evaluated. The arranged equation was coded in the 
M-file program by dividing the pipe into nodal points, and the temperature distribution accord-
ing to the months was obtained for certain depths of the soil.

Reserve of heat energy from the oil

In seasonal energy storage area calculations, physical and thermodynamic values 
were assumed for a soil with a high thermal conductivity coefficient. The walls of the storage 
area were assumed to be covered with a thermal insulation material in order to minimize the 
heat losses, especially in cold months and nights. Calculations were made using an XLPE 
thermal insulation material with a wall thickness of 20 cm in accordance with the experimental 
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studies. Initial soil temperature, which is an important parameter for underground seasonal 
energy storage, varies depending on the region, depth, and time. From the data taken from the 
stations between 1970 and 2016, Baskale average (a district of Van) is Tsoilavgbaskale = 10.8 °C, [20] 
whereas Turkey-wide average soil temperature for 100 cm depth in May is Tsoilavg = 15 °C, [20]. 
In the model, seasonal energy storage in the study area located in Baskale town in was initiated 
in May, for which the initial soil temperature was [21]. 

A piping system similar to the horizontal ground source heat pump system was mod-
eled to reserve the energy in the soil. Underground pipes were placed in the middle of the 
storage area in a U formation, and it is assumed that the hot water stored at day temperature 
circulates in closed loop underground pipes, heating the soil. Calculations were done taking 
into consideration the average sunshine duration and average amount of radiation for each 
respective month.

In the calculations the water inlet temperature is taken as Tinw = 70 °C. The outlet 
temperature of the water is calculated for internal and laminar flow:
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The flow is assumed to be laminar. For constant surface temperature in laminar and 
fully developed conditions, the Nussellt number was accepted as 3.66 and the h value was cal-
culated as 8.1 × 105 W/m2K:

( )fo fi s s0.97 T T T T= − + (5)
Equation 5 is used to calculate the temperature change of the fluid passing through 

the pipe. Having the inlet and outlet water temperatures of the underground pipes allows for the 
calculation of the energy released to the soil in one cycle. Heat losses due to cooling and that 
occur naturally on the walls were calculated during no-heating periods. Losses were calculated 
daily, as were the heating calculations. Net daily stored heat was obtained after heating and loss 
calculations for the end of each respective day, and all such calculations took into consideration 
the time and soil depth.

Calculation of the energy from the Sun and number of sunny days

The amount of radiation from the Sun for the Van region was taken from national 
meteorological database [21], and the average amount of radiation from the Sun for each month 
was calculated. These findings, and the average number of sunny days and sunshine durations, 
are displayed in tab. 1.

The total amount of heat to be added daily to the system is calculated from the eq. (6) 
for each of the respective months [22]:

k kQ RFsη= (6)
The daily average amount of heat energy that a collector with a 30° inclination,  

1.76 m2 surface area, and 70% efficiency has been calculated, which is provided in tab. 2 for 
each of the respective months. The heat energy obtained was then transferred to a 300 L water 
system, which constitutes the preliminary storage medium.
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Table 1. Solar radiation values by month [21]

Mounts
Average amount of 
radiation from the 

sun [Wh–1m–2]

Average number  
of sunny days 

per month [day]

Average daily 
sunshine  

duration [hour]
January 11.9 19.1 4.6
February 17.7 21.1 5.4
March 19.9 17.8 6.0
April 26.4 17.7 7.3
May 27.4 19.9 9.3
June 30.6 24.8 11.7
July 31.9 28 12.1
August 27.6 28.7 11.4
September 25.6 27.6 9.8
October 18.9 21.6 7.1
November 15.6 21 5.5
December 11.7 20.2 4.2

Table 2. The average daily heat energy amounts calculated 
for the collector according to the months

January February March April May June
Qk [kWg–1] 15.0 26.3 29.7 39.3 40.71 45.5

July August September October November December
Qk [kWg–1] 47.5 41.1 38.2 28.1 23.3 17.4

Lay-out and features of pipes and soil

Pipes were placed horizontally for decreasing the cost and ease of installation the 
ground. Flexible Polyethylene pipes were used as they have better resistant to corrosion and 
have a high heat transfer coefficient, under the ground. Underground horizontal heat exchangers 
are designed ¾, 1, or 1½ diameter with single-pipe horizontal heat exchangers installed at 0.5-
2.5 m soil depth, and with average distance of 
0.6-2.5 m. The length of pipes was taken as 140 m  
in order to sustain the necessary heat transfer. 
This size is also the upper limit that can be placed 
in the determined area with the given configura-
tion as seen in fig. 1. For sake of better energy 
storage, the internal resistance of the pipe must 
be small, as it results in higher heat transfer rate 
and reduced energy losses. In the calculations, 
1″ pipes are selected with internal resistance of  
Rb = 0.159.

Soil has different thermal resistance based on its region, composition, and structure, 
which influences the effectiveness and efficiency of any system placed in it. The soil in Van 
Yuzuncu Yil University Zeve Campus is classified as clayey and is slightly moist. Soil resistiv-
ity was chosen as RT = 1.42 for slightly moist and clayey soil [23].

Figure 1. Lay-out of underground pipes



Saglam Ozdamar, H., et al.: Simulation and Modelling of a Solar-Aided ... 
2940	 THERMAL SCIENCE: Year 2023, Vol. 27, No. 4A, pp. 2935-2946

Calculation of heat distribution with SEM method

Finite element method was used in mathematical model calculations, with varying 
equations for corner, inner, and edge nodes. These equations are shown in tab. 3.

Table 3. The SEM formulas of nodes by location
Position SEM formula

Inner node ( ) ( )1
, ,1, 1, , 1 , 1Fo 1 4Fo  p p p pp p

m n m nm n m n m n m nT T T T T T+
+ − + −= + + + + − [14]

Corner node ( ) ( )1
, ,1, 1, , 1Fo 2 1 4Fop p pp p

m n m nm n m n m nT T T T T+
+ − −= + + + − [15]

Edge node ( ) ( )1
, ,1, 1,2Fo   1 4Fop pp p

m n m nm n m nT T T T+
+ −= + + − [16]

Since a full cycle takes place within 10 minutes according to the selected pump flow 
rate, the time interval steps are defined as ∆t = 10 minutes. The thermodynamic properties for 
dry clay soil and saturated moist clay soil are listed in tab. 4.

Table 4. Soil thermodynamic properties

Soil type
Thermal conductivity

[Wm–1K–1]

Constant 
volume heat 

capacity
[MJm–3K–1]

Soil thermal permeability
[m2s–1]

Minimum Average Maximum Average Minimum Average Maximum
Dry clay 0.4 0.5 1 1.6 0.25 0.31 0.68

Saturated moist clay 0.9 1.7 2.3 3.4 0.26 0.5 0.62

Using tab. 4, the average thermodynamic properties for the soil were calculated as 
0.92 W/mK for soil thermal conductivity, 2.5 MJ/m3 K for heat capacity, and 0.415⋅10–6 m2/s 
for soil thermal permeability. 

It is assumed that circulation starts in underground pipes when the water stored reach-
es a certain temperature that is a design conditions. It was accepted that the water releases its 
heat and then returned to the water tank again at the defined temperature. The flow is assumed 
as laminar with Reynolds number of 2000. The flow rate of the water is 0.5 m3 per hour and the 
power of the circulation pump was selected at 700 W. The total pipe volume has been calculated 
as 0.071 m3 considering selected diameter and length. Depending on these values the cycle time 

is calculated as 10 minutes for water.
Calculations were started by selecting the 

central surface in 2-D. It is assumed that the cen-
ter surface has a surface area of approximately 4 
m × 4 m and that there is an insulating surface 
of 20 cm thickness surrounding this area. Based 
on this, a working area where 67 × 67 nodes at 
6 cm intervals covered the entire surface area 
with the desired sensitivity. Figure 2 shows the 
location of the nodes. The initial soil tempera-
ture was accepted as 10 ℃ in accordance with 
the date gathered. The total height of the system 
is 5 m and the distance from the center surface 

Figure 2. Lay-out representation  
of the 67 × 67 node on the surface section
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to the soil surface is 2.5 m, and it is assumed that there are a total of 25 upper surface layers. 
Thus, the temperature and heat values in the 3-D were calculated for the whole system. The 
main result is the temperature for all surfaces. The amount of heat lost by all surface nodes and 
their sums that is emerged as the total amount of heat lost in the system calculated based on 
the temperature of the boundary nodes and the surface areas calculated in the direction of the 
height and spacing of the boundary nodes, and the insulation temperature difference calculated 
depending on the boundary node and soil temperature.

Results and discussion

For the design in which the seasonal ESS is applied, the calculations and temperature 
distributions are shown as 3-D diagrams, using the M-file program. In the modelling, the tem-
perature distribution graphs for the center (–2.5 m) and the upper surface (0 m) of the storage 
area according to the months were created for two different situations. The results of the calcu-
lations for the center (–2.5 m) surface temperatures before and after heat loss are shown in fig. 
3 for each month separately.

Figure 3. Temperature distributions at the center surface (–2.5 m)  
including the heat losses of the seasonal energy storage area
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According to the results, it is understood that the downward concave temperature 
drop on the center surface in the x-direction is the general behavior. In the Y-direction, linear 
temperature drops were observed compared to the previous node group. After losing heat, it 
behaves in a softer slope compared to the situation before heat loss. The main reason for this 
is that the maximum temperature points get closer to the average values due to more heat loss 
than the average values.

Nodes with average and below average temperature values, on the other hand, have 
less tendency to display changes in their temperature values, since less heat loss occurs in them. 
During the months in which the heat is withdrawn from the system (October-November-De-
cember-January-February-March-April), a sudden decrease in temperature can be observed. 
The reason for this the reduced amount of heat entering the system, especially in the cold 
months, as the radiation from the Sun is reduced. Accordingly, the small amount of solar heat 
entering the system is rapidly lost, resulting in a temperature drop. 

Figure 4. Temperature distributions on the upper surface (0 m) including 
the heat losses of the seasonal energy storage area
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The maximum temperature average values during the year were spotted in July and 
the minimum temperature average values were occurred in December. When the data were 
examined, it was seen that the highest yield and temperature values took place in July, and the 
lowest yield and temperature values were obtained in December.

The temperature distribution calculations according to the months after the heat loss 
for the layer on the top surface are shown in fig. 4. It is observed that the temperature is high 
in certain regions, especially in cold months. Since the temperature difference between the soil 
and the hot water is high in the part where the hot water inlet is located, the heat transfer at 
this location is rapid. As a result, the hot water loses most of its heat initially, due to which less 
temperature increase is observed in other parts. 

Due to the low amount of radiation from the sun in cold months, there is not enough 
heat input to the system. When the hot months are examined, it is observed that the temperature 
distribution is more homogeneous due to the increase in the amount of heat entering the soil. 
The reason for this is that the heat transfer is slower due to the heating of the hot water inlet over 
time, and the hot water can transfer heat along the pipe. Here, the highest temperature is in July 
and the lowest temperature is in December.

In the study, the losses against the heat given to the system daily to the storage area 
were also calculated. Based on these values, the thermal efficiency of the system is calculated. 
The comparison of heat loss and efficiency values by months was made according to the data 
on the last day of the month and the results are shown in figs. 5 and 6.

Figure 5. Efficiency values for the last day of the month in storage

Figure 6. Heat loss values for the last day of each month in the storage area

When the heat loss and yield graphs are examined, the yield values decrease linearly 
day by day with the saturation of the soil with heat in general. The most important factor in the 
decrease in efficiency and increase in heat loss is the increase in heat loss with the increase in 
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the temperature of the wall nodes. At the same time, the heat shrinkage of a mass with increas-
ing temperature decreases depending on time.

In the winter months, the lowest values of the yield for the year are observed. The 
reason for this is the low amount of radiation coming from the Sun in the winter months, and 
the increased heat loss due to environmental conditions. As can be seen, heat losses increase 
linearly as the days progress. The highest yields were observed in the summer months as ex-
pected. The reasons for this are the increase in the amount of radiation coming from the Sun in 
conjunction with the decrease in heat losses due to increased soil temperature.

Conclusions

In this study, the mathematical modelling of a systems which was conducted for the 
purpose of examining a solar-assisted seasonal underground ESS was performed using an in-
house developed M-file routine. While creating the mathematical model, the thermal distri-
bution was considered to occur not only as in a flat plate, but in a zigzag shape taking into 
consideration the depth of the soil. This approach provided a model that was close to reality in 
terms of feasibility.

In addition, the model was created by assuming that the cooling occurs simultaneous-
ly at all sides of the system and the differences in the conditions based on time -like soil heat 
and average solar radiation- were also considered. This approach helped to achieve realistic and 
accurate results. 

The system not only takes into consideration the warming up and cooling down at 
the time of solar energy input, but also during the cooling phase that occurs at the end of the 
sunbathing period. In addition all these, the model was divided into layers in terms of depth, 
considering that it would allow the examination in the 3-D, and temperature distribution calcu-
lations were performed for each of the corresponding layers.

In the study model, seasonal energy storage was initiated in May, based on the solar 
radiation values obtained from national meteorological databases. Initially, a rapid warming 
occurred in the model due to the low temperature of the storage area soil. As the temperature of 
the storage area increased over time, the heat transfer slowed down. This shows the expected 
phenomena of the soil reaching saturation with thermal energy with decreasing temperature 
difference between the soil and heated water after a certain temperature value.

 It was determined that, at certain period of the simulated year, the temperature of 
the storage area decreased due to the cooling of the air, and the decrease in the amount of solar 
radiation. The highest temperature for the storage area was calculated value for July, while the 
coldest temperature value was determined for December. According to the results of the study, 
it has been deduced that if a heat pump is added to the system, it can be used as a potential a 
heating source for a single house. It is estimated that addition of a heat pump to create a hybrid 
system will increase the COP value and decrease the household electricity consumption.
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Nomenclature
cpw	 – specific heat of water, [kWhkg–1K–1]
Eg	 – heat generation
Ein	 – total energy entering the system
Eout	– total energy entering the system

ΔEst – change in the total energy of the system
Ėg	 – rate of net energy transfer in  

by heat generation
Ėin	 – rate of net energy transfer in by heat, work, and mass
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