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ABSTRACT 
In summer, thermal energy can be recovered and 
used as a source of heat regeneration in the rock 
mass of an underground thermal energy storage. 
This paper describes one method of recuperating 
energy from solar radiation and its use for 
balancing heat losses due to increased thermal 
energy consumption in the heating season. The 
parking surface is described, designed as an 
installation for de-snowing, i.e. for 
receiving/transporting heat to the rock mass during 
periods of high solar radiation intensity and high air 
temperatures. The problem caused by shading of 
the parking surface area on the obtained 
measurement results is addressed. The main part of 
the paper is devoted to an applied procedure and the 
results generated. Conclusions are drawn from the 
results and analysis. 

INTRODUCTION 
Borehole heat exchangers (BHE) have long been 
known and understood (Ingersoll and Plass, 1948) 
and are likely to be more frequently used for 
heating and cooling purposes in the future (Pavlov 
and Olsen, 2012; Yang et al., 2010). Important 
question is recognized modes of operation and 
optimization directions. 

Many factors affect BHE field efficiency (Sliwa 
and Kotyza, 2003; Zeng et al., 2003), and these are 
now considered. 

The first factor is the BHE resistance (Eskilson, 
1987; Lamarche et al. 2010) for a single well. 
Thermal resistance depends mostly on the BHE 
construction. Typical parameters chose by 
designers are depth, diameter and distance between 
wells. Pipe configuration, number of U-pipes inside 
the well, and material of pipes also play a role. A 
BHE can be filled with cement slurries (Stryczek et 
al., 2013), different types of which have varying 
thermal conductivities. A BHE can be made based 
on boreholes having various axis trajectories (Knez, 

2014). In addition, more than one BHE can be 
drilled starting from the same point (often called 
geothermal radial drilling). 

Basic geological factors that affect efficiency are 
thermal conductivity of rocks (Leong et al., 1998; 
Côté and Konrad, 2005, Sapinska-Sliwa et al., 
2016) and heat capacity (Shirazi and Bernier, 
2013). In the design of borehole thermal energy 
storages increasing attention is paid to the water 
flow in geological layers (Fan et al., 2007; Rees and 
He, 2013; Angelotti et al., 2014; Moradi et al., 
2015). Also phase changes of water impact the 
efficiency (Bénet et al., 2009). 

BHE fields and heat storage are part of 
geoenergetic systems, which typically use 
geothermal water. Faster growth is observed in 
geothermal energy systems connected to heat 
pumps. A concern is the caustic of geothermal 
brines (Tomaszewska and Pająk, 2012). Both for 
geothermal water exploitation and as a BHE, old 
abandoned oil and gas wells can be used as BHEs 
(Sliwa and Gonet, 2004; Sliwa et al., 2014). 
Sometimes borehole fields have hundreds of 
boreholes, which must be sealed when 
decomissioned (Sliwa and Kotyza, 2003). 

Another issue in use of such systems relates to the 
BHE field regime and its exploitation (Hellström, 
1991; Reuss et al., 1997; Pinel et al., 2011). BHE 
fields, as well as BTESs, are reservoirs of heat. 
Continuous extraction of heat causes a decrease of 
temperature, while continuous extraction of cold 
causes an increase temperature. Only sustainable 
exploitation of borehole fields provides the 
possibility to hold constant the average annual 
temperature. But systems for which the heat 
extracted is of the same in magnitude as the cold 
injected into a BTES are uncommon. In many 
projects it is advantageous to use artificial energy 
sources for heat (or cold) resource regeneration 
(Sliwa and Rosen, 2015). Maintaining the natural 
background temperature in a stable manner is 



 

difficult (Jaszczur et al., 2015). The most popular 
heat source for BTES resource regeneration are 
solar thermal collectors (Sliwa and Rosen, 2015), 
sometimes with high temperature (Gabrielsson et 
al., 2000). 

To predict the operation of BTESs when these 
many facgors are considered, numerical methods 
are normally used (Diao et al., 2004). Simulations 
can be challenging and effort- and time-intensive 
when many boreholes are present in a system, and 
where energy and mass flows and phase changes 
are sought (Sliwa and Gonet, 2005). 

In 2008, at the AGH University of Science and 
Technology in Cracow (AGH UST), Poland, five 
borehole heat exchangers (BHEs) were constructed, 
and became a part of the Laboratory of 
Geoenergetics in the Faculty of Drilling, Oil and 
Gas (Gonet et al., 2011). This facility provides the 
opportunity to take experimental measurements for 
studies on heat regeneration in rock masses. In 
2010, the facility was connected to the Drilling, Oil 
and Gas Faculty (DOGF) auditorium hall. The old 
air ventilation unit was replaced with a new one, 
enabling recovery of heat from ventilation. This 
heat recovery is the first stage of the heating of the 
ventilated air, and results in a temperature rise. The 
second stage of temperature rise is performed by a 
heater, in which circulates a propylene glycol-water 
solution from the cold or heat containers (storages) 
in the Geoenergetics Laboratory (Sliwa et al., 
2015). The ventilation unit is also equipped with a 
source of energy for peak load heating, which is a 
heater driven by heat from municipal heating 
network. This device also acts as an emergency 
energy source (Śliwa at al. 2015). 

In 2011, solar thermal collectors in Geoenergetics 
Laboratory were installed. Their main task is to 
regenerate heat resources in rock mass. They input 
solar heat into ground together with waste heat 
from air conditioning the auditorium hall. In the 
heating season a considerable amount of energy is 
required, which causes the rock mass to cool 
considerably by the end of the season. Hence, a 
system is needed which enables heat regeneration in 
the rock mass during the summer season. The last 
element added to the laboratory installation is a 
system for heat exchange with the parking in front 
of the laboratory building. Before laying concrete 
sett paving in the parking lot, a heat exchange 
system for de-icing and de-snowing was installed, 
comprised of 13 loops of tubing. Glycol circulates 
in the tubes as the heat/chill carrier for the overall 
system (fig. 1). In the winter, the installation 
prevents snow and ice accumulation on the surface 
of the parking lot, while in the summer the system 

provides additional energy that provides heat 
regeneration of the rock mass. 

In this paper, one element of the functioning 
system, i.e. the heating equipment of the parking 
lot, is described and assessed. The energetic 
effectiveness of the system is analyzed, paying 
particular attention to the possibility of using it as a 
thermal source for heat regeneration in the 
underground rock mass. The underground system 
for storing thermal energy is a typical borehole 
thermal energy storage (BTES) installation. The 
BTES piping forms a closed system, consisting of 
channel heat exchangers that extract heat from (or 
dissipate heat to) the underground rock mass. The 
main active elements of the system are two heat 
pumps, which drive the heat transport. 

 
 

 
Fig. 1. Snow melting/de-icing equipment being 

installed under the surface of a parking lot at AGH 
University of Science and Technology (photo A. 

Złotkowski) 
 

A computer controls the operation of the 
installation. The main system operation mode of the 
control programme is presented in fig. 2. Apart 
from controlling the appropriate operation of the 
system, the computer acquires and stores the 
installation’s operating parameters. Measurements 
are taken at one-second intervals, for over 90 
parameters. The most important of these, from the 
viewpoint of this work, are the power obtained 



 

from the parking installation (inflow and outflow 
temperatures of heat carrier in parking area 
underground pipes and its flow rate), the outer 
temperature, the chilled storage temperature and the 
intensity of solar radiation (fig. 8). These data are 
used in the analysis to assess the impact of various 
factors of the operation of the system and its 
regeneration potential. A diagram of the system is 
presented by Sliwa and Rosen (2015) 

 
Fig. 2. The main panel of the programme 

controlling the operation of the installation at the 
Laboratory of Geoenergetics in the DOGF AGH 

UST 
 

HEATING YIELD CALCULATIONS 
FOR THE PARKING INSTALLATION 

The research started on 19th July 2013. Beforehand, 
some system operation modifications were needed. 
The parking installation was connected with the 
chill storage container using valves, enabling the 
acquisition of measurements. The first step during 
each measurement day was chilling of glycol in the 
chill container to 0°C. This was performed by heat 
pumps, which transported the energy from the chill 
container to the heat container. At the same time, 
the energy collected in the heat container was 
transmitted to the rock mass via channel heat 
exchangers. In the case of a rise in temperature over 
40°C in the heat container, the heat pumps switch 
off. In order to avoid this situation and to increase 
the cooling rate of the chill container, other 
exchanging channels were opened, depending on 
their needs. After reducing the temperature in the 
chill container to 0°C, the heat pumps were 
switched off and the valves connecting the chill 
container with the parking installation were opened. 
After 24 hours the entire procedure was repeated. 

In total, a complete data set was obtained after 12 
measurement days. A sample graph presenting the 
measurements of heating power from the parking 
lot for a specific day is shown in fig. 3. The graph 
in fig. 4 was made using the same data, but shows 

more precisely particular phases of operation of the 
installation, i.e., cooling the container (power equal 
0) and taking energy from the parking surface. The 
negative value of power in fig. 6 indicates that at 
that moment heat from the installation of the 
parking goes to the chill container. The temperature 
of the carrier flowing into the chill container is 
higher than the temperature of the flowing carrier 
heading from the storage tank to the installation of 
pipes under the parking lot. At the moment of 
intersection through the horizontal axis there is a 
change in the direction of the heat transport, i.e., 
accumulated energy in the chill container is 
transferred to the parking installation. 

 
Fig. 3. Readings of installation power for a sample 

measurement day 

 
Fig. 4. Variation over the day in power of the 

parking installation for 1 August 2013 
 

THE PROBLEM OF SHADING THE 
PARKING LOT SURFACE 
A significant problem occurred during data 
collection due to shading the surface of the parking 
lot. There were at least three reasons for this. First, 
the parking lot is situated between the AGH UST 
buildings A3 and A4, resulting in direct solar 
radiation only striking the parking lot surface 
during the summer between 8 am and 4 pm. 
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Second, a tree between ten and twenty meters tall is 
located a few meters south from the edge of the 
parking lot, which substantially shades the parking 
throughout the day. Third, cars are sometimes 
present, blocking direct solar radiation from the 
surface. 

The effects of shading are illustrated in fig. 5, 
which shows that shading is a significant challenge 
in the analysis since it causes the intensity of solar 
heating to vary on the surface of the parking lot. 

 
Fig. 5. Variability of parking lot surface shading 
through a sample day in July (hatched areas are 

shaded) 
 

To better illustrate the problem of excessive 
shading of the parking surface, the magnitudes of 
the sunlit and shaded areas are tabulated (table 1). 
The percentage of the parking surface that is sunlit 
for several times of the day are shown table 1 also 
and are plotted in fig. 6. 

 
Fig. 6. Variation of sunlit portion of parking surface 

with time of day 
 

As seen in table 1, at the time of the peak solar 
position in the day, the maximum portion of the 
sunlit surface is only just over 60%. Further, only 
for about 2.5 hours/day is more than 30% of the 
parking surface sunlit. In order to better visualize 

the shading, photographs are presented of the 
shaded surface over five hours of the day in fig. 7. 

 

Table 1. Sunlit and shaded areas of the parking lot 
surface during a typical sunny day (July) 

Time 
of 

day 

Sunlit 
surface 
area, m2 

Shaded 
surface 
area, m2 

Sunlit 
portion of 

parking lot 
surface, % 

08:00 0 1880 0.0 
09:00 180 1700 9.6 
10:00 232 1648 12.4 
11:00 412 1468 21.9 
12:00 672 1208 35.7 
13:00 1104 776 58.7 
13:30 1128 752 60.0 
14:00 976 904 51.9 
14:30 688 1192 36.6 
15:00 368 1512 19.6 
15:30 144 1736 7.7 
16:00 0 1880 0.0 

 

a) 

 
b)

 
c)

 
Fig. 7. Changes in shading of the parking surface 

between 10 am and 3 pm on 31 July 2013; a) 10:00 
am; b) 12:30 am, c) 3:00 pm 
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ANALYSIS AND RESULTS 
 Complete data were obtained for 12 
measurement days. After collection, the data were 
analyzed. It was assumed that the time required to 
heat the chill storage container (1.5 m3 of 
monopropylene glycol water solution) from the 
temperature 0°C to 10°C would be reliably 
measured. This corresponds to energy quantity of 
about 58.5 MJ, which is more than the heating 
value of one cubic meter of methane (42 MJ�m-3). 
For this temperature range an average temperature 
of ambient air was determined. The solar radiation 
was measured using a pyranometer situated 
horizontally (fig. 8). The heat carrier in the pipes 
under the parking surface comes from solar 
radiation on the surface and from warm air (with 
wind). In order to account for the contribution of 
each source, the following assumption is made. An 
average intensity of solar radiation on the parking 
surface was calculated according to the following 
assumption: for a solar radiation intensity greater 
than 500 W�m-2, a value of 1 was assigned, whereas 
each value under 500 W�m-2 was assigned a value of 
0. The assumption means that we assign the 
following values: insolation (1) and shading (0). 

 
Fig. 8. Device for solar measuring radiation  

 

The average obtained from this information 
provides an approximation of the percentage of 
time that the chilled storage container is heated, 
during times when the sun was shining without 
clouds. For the analysis of results, it was assumed 
that an unit incident solar radiation of 500 W�m-2 is 
the particular value below which solar radiation 
does not directly reach the parking surface. The 
calculation results concerning the direct share of 
solar radiation for a sample day are shown in table 
2. The results for all days in which the time of 
heating the container was measured (12 days in 
total) are compared in table 3. 

Table 2. Calculated results of the direct share of 
solar radiation at times of heating the chill storage 

container on 31 July 2013 

Time of 
day 

Temperature of 
chilled storage 
container, °C 

Intensity of 
solar 

radiation on 
horizontal, 

W�m-2 

Share of 
direct 
solar 

radiation, 
- 

15:13 0.0 166.6 0 
15:14 0.2 195.9 0 
15:15 0.5 243.4 0 
15:16 0.7 371.3 0 
15:17 1.1 679.2 1 
15:18 1.5 796.0 1 
15:19 1.9 558.2 1 
15:20 2.3 547.7 1 
15:21 2.6 552.7 1 
15:22 3.0 666.9 1 
15:23 3.5 348.9 0 
15:24 3.8 200.6 0 
15:25 4.2 216.7 0 
15:26 4.5 308.7 0 
15:27 4.9 299.0 0 
15:28 5.3 572.8 1 
15:29 5.6 258.2 0 
15:30 5.9 222.8 0 
15:31 6.3 891.3 1 
15:32 6.6 926.5 1 
15:33 6.9 887.3 1 
15:34 7.2 842.9 1 
15:35 7.5 778.9 1 
15:36 7.8 728.8 1 
15:37 8.0 652.6 1 
15:38 8.3 668.1 1 
15:39 8.6 671.8 1 
15:40 8.8 690.0 1 
15:41 9.1 225.1 0 
15:42 9.3 245.4 0 
15:43 9.5 357.6 0 
15:44 9.8 252.6 0 
15:45 10.0 257.7 0 

Average 0.52 

The data from table 3 are graphed (fig. 9) to 
determine the dependence on time of the heating 
the chilled storage container from the ambient 
temperature. The possible influence of solar 
radiation intensity on the achieved results was not 
considered. But to take into consideration this 
influence, another graph was developed (fig. 10). 
This figure was made using only data for days in 
which there were similar conditions of solar 
radiation intensity. The values were chosen from 
days in which the share of direct solar radiation was 
lower than 15%. 



 

Table 3. Results of heating the chilled storage 
container (heat carrier) in intervals of 0-10°C 

Date 

Time required to 
heat carrier in 
tank from 0 to 

10°C, min 

Average air 
temperature, 

°C 

Share of 
direct solar 
radiation, - 

26/07 53 24.47 0.00 
27/07 39 33.75 0.23 
29/07 36 33.34 0.22 
30/07 37 22.50 0.00 
31/07 32 29.88 0.52 
1/08 32 28.96 0.00 
2/08 40 26.22 0.00 
6/08 33 36.50* 0.15 
7/08 49 39.01* 0.62 
8/08 47 32.94 0.00 
9/08 41 32.85 0.67 
10/08 64 19.00 0.00 

*Very high air temperature values result from 
the location of the parking lot, which is 
surrounded on all sides with buildings that 
appear to limit the circulation of air 
 

 
Fig. 9. Dependence of time of heating chilled 

storage container on air temperature (all 12 days 
included) 

 

The average heat flow rates received from the 
parking installation were between 15.2 kW (10 
August) and 30.5 kW (31 July 1 and August). 

Figures 9 and 10 show that the change of time of 
heating the chilled storage container, in terms of the 
storage temperature and the intensity of solar 

radiation, does not assume a clear character. 
Nevertheless, a weak dependence can be observed 
between the examined parameters. But is not 
possible to define mathematically the variation of 
time of heating the chilled storage container with 
air temperature and intensity of solar radiation. The 
linear function of regression exhibits too low a 
value of the coefficient of correlation for this 
purpose. 

 
Fig. 10. Dependence of time of heating chilled 

storage container (cool storage) on air temperature, 
considering intensity of solar radiation (only days 

with solar radiation 0 included, as in table 3) 
 

An attempt was made to determine if the inability 
to identify any dependency results resulted from 
incorrectly recorded temperature differences. To do 
this, the experimental work was redone, but with 
the time heating of the chilled storage container 
from 0°C to 20°C. The achieved results are shown 
in table 4. The high values of air temperature in 
tables 3 and 4 are the result of weak circulation of 
air in the area of the parking lot, which is 
surrounded by buildings. 

As was done for data from table 3, the results from 
table 4 are used to illustrate the dependence of the 
time of heating the chilled storage container on air 
temperature and on solar radiation intensity 
(accounting for shading) (fig. 11). 

The impact of air temperature on time of heating of 
the storage tank in this case was omitted.  Instead, 
the results were grouped according to the value of 
solar radiation intensity (0 and 45-50%). Almost all 
the results show that the time of heating the of the 
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chilled storage container decreases as temperature 
rises, for suitable shares of direct solar radiation. 
However, the observed trends are not similar, 
which suggests the conclusion that other factors 
also influence the achieved results. 

Table 4. Results of time of heating the chilled 
storage container within 0-20°C 

Date 
Time of 
heating, 

min 

Average air 
temperature, °C 

Share of direct 
solar radiation, 

- 
26/07 195 27.36 0.52 
27/07 121 34.12 0.48 
29/07 112 35.21 0.74 
30/07 128 22.03 0.00 
31/07 103 29.97 0.35 
1/08 107 28.45 0.00 
2/08 153 27.87 0.31 
6/08 97 36.73 0.45 
7/08 133 38.57 0.28 
8/08 149 35.60 0.48 
9/08 119 33.57 0.61 
10/08 290 19.00 0.00 

 
Fig. 11. Dependence of the time of heating the 

chilled storage container on air temperature, for two 
values of solar radiation intensity (due to shading) 

 

The last phase of the analysis of the possibilities of 
receiving energy from the parking lot surface 
involved determining the greatest possible values 

that can be obtained for power and amount of 
energy, over one day. These data are shown in table 
5. 

Table 5. Maximum power and total energy received 
for several measurement days 

Date 

Total 
volumetric 
flow rate of 
heat carrier 

in pipes 
under 

parking 
surface, 
dm3/min 

Maximum 
heating 
power 

produced by 
parking 

installation*, 
kW 

Energy 
obtained 
over 24 
hours, 

MJ 

26/07 19 26.04 162.0 
27/07 19 28.98 160.7 
29/07 19 30.58 179.7 
30/07 19 29.20 133.2 
31/07 19 31.05 141.8 
1/08 19 30.63 136.2 
2/08 19 26.08 149.8 
6/08 11 33.27 143.0 
7/08 11 21.63 151.1 
9/08 11 18.68 122.1 

10/08 11 14.67 110.7 
* Heating power is determined with the formula 
   ̇    , where P denotes thermal power, W; U 
density of heat carrier, kg/m3; c specific heat of heat 
carrier, J/(kg�K); 'T temperature difference 
between inflowing and outflowing heat carrier, K 
 

In interpreting the data in table 5, note the change 
of the flow rate of glycol in the parking installation. 
The results suggest that there is no dependence 
between the maximum power of the parking 
installation and the obtained energy. When using 
the maximum power, one should be cautious 
because a given measurement only appears for a 
short time, not longer that one minute. Moreover, 
this power was obtained at the beginning of the 
measurement (heating) period, when the largest 
difference in temperatures of the incoming and 
outcoming liquid circulating in the installation 
performed. More important, therefore, are the 
results concerning the obtained thermal energy 
from each measurement day. However, even here 
one should not attach a lot of weight to the results, 
since after single cooling of the chilled storage 
container there is a relatively quick reestablishment 
of temperature. In order to obtain information about 
overall regeneration possibilities, the research 
should be conducted with continuous operation of 
the heat pump, during which energy is continuously 
transferred to the rock mass. 
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CONCLUSIONS 
The Laboratory of Geoenergetics in the Faculty of 
Drilling, Oil and Gas at AGH University of Science 
and Technology in Cracow, Poland has investigated 
heat regeneration in the rock mass associated with a 
thermal storage, by utilizing four installations: solar 
collectors, air conditioners, air heaters and parking 
surface. Several conclusions can be drawn: 

1. Shading of the parking lot surface 
significantly limits the possibility of 
determining the direct influence of solar 
radiation intensity on the quantity of heat yield 
of the installation. Shading from cars yields 
the same situation as in present research. High 
temperature air offers the possibility for 
further heat input, over that provided by direct 
solar radiation. 

2. The results suggest that it is not possible to 
determine definitive outcomes. Analyses of 
the results identify some dependencies. For 
instance, solar radiation intensity and air 
temperature influence the time of heating the 
chilled storage container. 

3. To accurately examine the regeneration 
potential resulting from the use of parking 
surface, additional research is needed. For 
example, the power delivered by the parking 
installation should be determined during 
continuous operation of the system, i.e. with 
continuous injection of heat to the rock mass 
with the help of heat pumps. 

4. An installation for snow melting, de-icing or 
drying surfaces like parking lots can be used 
for heat recovery. In systems with BHEs and 
heat pumps, heat can be stored in rock mass. 
This approach is suitable for countries with 
temperate climates (i.e., with significant 
summer and winter periods). 

5. The installation for heat recovery based on an 
existing installation for snow melting, de-icing 
and drying involves no notable extra costs for 
heat recovery. Only a circulation pump in the 
summer provides the possibility for solar heat 
storage. The areas of surfaces act in essence 
like solar collectors. 

REFERENCES 

Angelotti, A., Alberti, L., La Licata, I., Antelmi, 
M., 2014. Energy performance and thermal impact 
of a borehole heat exchanger in a sandy aquifer: 

influence of the groundwater velocity. Energy 
Convers. Manage. 77, 700–708. 

Bénet, J.C., Lozano, A.L., Cherblanc, F., Cousin, 
B., 2009. Phase change of water in a hygroscopic 
porous medium: phenomenological relation and 
experimental analysis for water in soil. J. Non-
Equilib. Thermodyn. 34, 133–153. 

Côté, J., Konrad, J.-M., 2005. A generalized 
thermal conductivity model for soils and 
construction materials. Can. Geotech. J. 42, 443–
458. 

Diao, N., Zeng, H., Fang, Z., 2004. Improvement in 
modeling of heat transfer in vertical ground heat 
exchangers. HVAC&R Res. 10, 459–470. 

Eskilson, P., (Doctoral Thesis) 1987. Thermal 
Analyses of Heat Extraction Boreholes. Doctoral 
Thesis, Department of Mathematical Physics, Lund 
Institute of Technology, Lund, Sweden, 222 
(available 8 Sep 2015 at: 
http://www.buildingphysics.com/Eskilson1987.pdf) 

Fan, R.; Jiang, Y.Q.; Yao, Y.; Shiming, D.; Ma, 
Z.L., 2007. A study on the performance of a 
geothermal heat exchanger under coupled heat 
conduction and groundwater advection. Energy, 32, 
2199–209. 

Gabrielsson, A., Bergdahl, U., Moritz, L., 2000. 
Thermal energy storage in soils at temperatures 
reaching 90 degrees C. J. Solar Energy Eng.-Trans. 
ASME 122/1, 3–8. 

Gonet A., Śliwa T., Stryczek S., Sapinska-Sliwa A., 
Jaszczur M., Pająk L., Zlotkowski A., 2011. 
Metodyka identyfikacji potencjału cieplnego 
górotworu wraz z technologią wykonywania i 
eksploatacji otworowych wymienników ciepła 
(Methodology for the identification of potential heat 
of the rock mass along with technology 
implementation and operation of the borehole heat 
exchangers), AGH University of Science and 
Technology Press, Kraków, 438. - in Polish 

Hellstrom, G., (Doctoral Thesis) 1991. Ground 
Heat Storage: Thermal Analyses of Duct Storage 
Systems. Department of Mathematical Physics, 
University of Lund, Sweden. 

Ingersoll, L.R., Plass, H.J., 1948. Theory of the 
ground pipe source for the heat pump. ASHVE 
Trans. 54, 339–348. 

Jaszczur M., Wądrzyk I., Sapińska-Śliwa A., 2015. 
Numerical analysis of the boundary conditions 



 

model impact on the estimation of heat resources in 
the ground, Polish Journal of Environmental 
Science, 24/5A, 60–66 

Knez, D., 2014. Stress State Analysis in Aspect of 
Wellbore Drilling Direction, Arch. Min. Sci., 59/1, 
71-76. (available 24 Aug 2015 at: 
http://mining.archives.pl/index.php/index.php?optio
n=com_remository&Itemid=0&func=fileinfo&id=7
05&lang=pl). 

Lamarche, L., Kajl, S., Beauchamp, B., 2010. A 
review of methods to evaluate borehole thermal 
resistances in geothermal heat-pump systems. 
Geothermics 39, 187–200. 

Leong, W.H., Tarnawski, V.R., Aittomäki, A., 
1998. Effect of soil type and moisture content on 
ground heat pump performance. Int. J. Refrig. 21/8, 
595–606 

Moradi A., Smits K.M., Massey J., Cihan A., 
McCartney J., 2015. Impact of coupled heat transfer 
and water flow on soil borehole thermal energy 
storage (SBTES) systems: Experimental and 
modeling investigation. Geothermics 57, 56–72 

Pavlov, G.K., Olesen, B.W., 2012. Thermal energy 
storage – a review of concepts and systems for 
heating and cooling applications in buildings. Part 
1: Seasonal storage in the ground. HVAC&R Res. 
18/3, 515–538. 

Pinel, P., Cruickshank, C.A., Beausoleil-Morrison, 
I., Wills, A., 2011. A review of available methods 
for seasonal storage of solar thermal energy in 
residential applications. Renew. Sustain. Energy 
Rev. 15/7, 3341–3359. 

Rees, S.J., He, M., 2013. A three-dimensional 
numerical model of borehole heat exchanger heat 
transfer and fluid flow. Geothermics 46, 1–13. 

Reuss, M., Beck, M., Muller, J.P., 1997. Design of 
a seasonal thermal energy storage in the ground. 
Solar Energy 59, 247–257. 

Sapinska-Sliwa A., Rosen M.A., Gonet A., Sliwa 
T., 2016. Deep Borehole Heat Exchangers - A 
Conceptual and Comparative Review, International 
Journal of Air-Conditioning and Refrigeration, 
24/1, 1630001 15 p. 

Shirazi, A.S., Bernier, M., 2013. Thermal capacity 
effects in borehole ground heat exchangers. Energy 
Build. 67, 352–364. 

Sliwa T., Gonet A., 2011. Otworowe wymienniki 
ciepła jako źródło ciepła lub chłodu na przykładzie 
Laboratorium Geoenergetyki WWNiG AGH 
(Borehole heat exchangers as heat or cool source on 
the basis of Laboratory of Geothermics of Drilling, 
Oil and Gas Faculty in AGH University of Science 
and Technology), Drilling, Oil, Gas 28/1-2, 419-
430 (available 24 Aug 2015 at: 
http://journals.bg.agh.edu.pl/WIERTNICTWO/201
1-1-2/W_2011_1-2_36.pdf) - in Polish. 

Sliwa, T., Gonet, A., 2005. Theoretical model of 
borehole heat exchanger. Journal of Energy 
Resources Technology, 127/2, 142–148. 

Sliwa, T., Kotyza, J., 2003. Application of existing 
wells as ground heat source for heat pumps in 
Poland. Applied Energy 74, 3–8. 

Sliwa, T., Rosen, M.A., 2015. Natural and artificial 
methods for regeneration of heat resources for 
borehole heat exchangers to enhance the 
sustainability of underground thermal storages: A 
review. Sustainibility, 7/10, 13104–13125 

Sliwa, T.; Gonet, A., 2004. The closing wells as 
heat source. Acta Montanistica Slovaca 9/3, 300-
302 (available 24 Aug 2015 at: 
http://actamont.tuke.sk/pdf/2004/n3/37sliwa.pdf). 

Sliwa, T.; Knez, D.; Gonet, A.; Sapinska-Sliwa, A.; 
Szłapa, B. Research and Teaching Capacities of the 
Geoenergetics Laboratory at Drilling, Oil and Gas 
Faculty AGH University of Science and 
Technology in Kraków (Poland). Proceedings 
World Geothermal Congress 2015, Melbourne, 
Australia 2015, 1-14. (available 24 Aug 2015 at: 
http://www.geothermal-
energy.org/pdf/IGAstandard/WGC/2015/09012.pdf
?). 

Sliwa, T.; Rosen, M.A.; Jezuit, Z., 2014. Use of Oil 
Boreholes in the Carpathians in Geoenergetics 
Systems Historical and Conceptual Review. 
Research Journal of Environmental Sciences 8/5, 
231-242 (available 24 Aug 2015 at: 
http://scialert.net/qredirect.php?doi=rjes.2014.231.2
42&linkid=pdf). 

Stryczek, S.; Wiśniowski, R.; Gonet, A.; 
Złotkowski, A.; Ziaja, J., 2013. Influence of 
polycarboxylate superplasticizers on rheological 
properties of cement slurries used in drilling 
technologies. Arch. Min. Sci. 58/3, 719–728. 
(available 24 Aug 2015 at: 
http://mining.archives.pl/index.php/index.php?optio
n=com_remository&Itemid=0&func=fileinfo&id=6
45&lang=pl). 



 

Tomaszewska, B.; Pająk, L., 2012. Geothermal 
Water Resources Management–Economic Aspects 
of their Treatment, Mineral Resources Management 
(Gospodarka Surowcami Mineralnymi) 28/4, 59-70. 
(available 24 Aug 2015 at: https://www.min-
pan.krakow.pl/Wydawnictwa/GSM284/tomaszewsk
a-pajak.pdf). 

Yang, H., Cui, P., Fang, Z., 2010. Vertical-borehole 
ground-coupled heat pumps: a review of models 
and systems. Appl. Energy 87/1, 16–27. 

Zeng, H., Diao, N., Fang, Z., 2003. Efficiency of 
vertical geothermal heat exchangers in ground 
source heat pump systems. J. Therm. Sci. 12/1, 77–
81. 

 


