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Abstract: Based on the experimental studies, the process of ground regeneration around the borehole
loaded with brine-water heat pumps working exclusively for heating purposes in the period of four
consecutive heating seasons in a cold climate was presented. The research was conducted in north-
eastern Poland. The aim of the work is to verify the phenomenon of thermal ground regeneration
in the period between heating seasons on the basis of the recorded data and to check whether the
ground is able to regenerate itself and at what rate. It was noticed that the ground does not fully
regenerate, especially during heating seasons with lower temperatures. In the analyzed period, from
22 September 2016 to 12 October 2020, the ground probably cooled irreversibly by 1.5 °C. In order
to illustrate and evaluate the speed of changes in the ground, the one’s profile with an undisturbed
temperature field was presented for each month of the year. The presented results can be a very
important source of information for the analysis of geothermal conditions occurring in the ground.
They can be used to verify mathematical models and conduct long-term simulations that allow us to
see the complexity of the processes taking place in the ground.

Keywords: ground thermal conductivity; thermal performance; extracted energy; borehole heat
exchanger; BHE; ground-source heat pump; regeneration

1. Introduction

Climate change is a major challenge for the world community. European countries
aim to achieve zero net emissions by 2050 [1,2]. Buildings, which account for up to 36% of
final energy consumption, can make an important contribution to achieving this goal [3,4].
Clean and renewable energy resources are gaining popularity due to their advantages
over fossil fuels, which have a significant impact on global warming and pollution. As
one of the main options for replacing conventional energy sources, geothermal energy is
becoming more and more attractive due to its wide availability, low operating costs, and
low CO, emissions [5].

The design phase of ground source heat pump (GSHP) systems is extremely important
as many of the decisions made at this stage may have an impact on the energy performance
of the system as well as installation and operation costs [6,7]. Borehole heat exchangers
(BHE) are the most frequently used devices in buildings due to their efficiency [8,9]. BHEs
are a key technological component of geothermal energy systems, and much attention has
been paid to modeling their behavior. The main technical challenge in designing geothermal
heat exchanger systems is the ability to predict long-term temperature trends in groups of
wells. This inevitably requires computer models implemented in design software or tools to
simulate thermal systems [10,11]. Many studies look for a function describing the ground
temperature profile, the most popular are those proposed by Kasuda et al. [12], which
report a sinusoidal change in ground temperature at various depths as a function of average
temperature. Most analytical and numerical methods are not always able to actually predict
the temperature distribution in the ground. More information regarding the numerical
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methods and simulations used in the calculations of BHE and heat transfer in the ground
can be found in [13-32]. In vertical arrangements, it is obvious to use single or double
U-shaped heat exchangers, separated by longitudinal spacers. Saez Blazquez et al. [33]
investigated the effect of these components on overall BHE performance. Regarding
the heat exchange process between the ground and the heat transfer fluid, it should
be emphasized that the best results were obtained using a spiral-shaped pipe system.
They noted the importance of using spacers in the U-shaped vertical tubes and that no
improvements were found in the use of single or double U-tube configurations. Thanks to
the laboratory results obtained from these studies, it is possible to determine the optimal
pattern of behavior for entire vertical closed systems [33]. Neuberger and Adamovsky [34]
presented the results of operational monitoring, analysis and comparison of temperatures,
power, and energy of antifreeze in the most commonly used low-temperature heat sources.
The results of the verification showed that it was not possible to unequivocally define
the most advantageous low-temperature heat source that meets the requirements for the
efficiency of heat pump operation. In BHEs, the remainder of the well is filled with a grout
filler, most often bentonite, quartz with sand, or just a mixture of water, in many northern
European countries, in hard crystalline rock, BHEs are simply filled with groundwater,
while in other cases usually, the BHE drill ring is cemented to ensure good thermal contact
between the U-shaped or double U geothermal probes and the surrounding ground [35,36].
Due to the earthworks, the length of the geothermal heat exchanger must be properly
calculated. Too little will cause excessive discharge and no time to regenerate it in the
summer. Too many of them will generate unnecessary costs. Therefore, it is preferable
to calculate the lower parameters of the heat source as accurately as possible. There
are many attempts to solve this problem analytically and with the help of computer
simulations [37-49], but so far there is no universal formula. Real measurement results are
required for calculations and simulations. A series of studies [50-56] have been carried
out to evaluate the efficiency of BHE in heat pump systems. All of these studies described
the impact of BHE based on the evaluation of COP improvement in these systems. The
Thermal Response Test (TRT) is a common procedure to characterize the thermal properties
of the ground and the wellbore needed to design a shallow geothermal heat pump [57].
For this interpretation, the TRT measurements must be made under the specified boundary
conditions; if any of its assumptions are invalid, the interpretation leads to an error in the
final result [33,58]. TRT is especially needed in large scale installations where an improper
BHE design will mean poor system performance if the system is too small or unjustified
cost overruns if it is oversized. TRT is based on the thermal response of a heat exchanger
to a constant heat injection or extraction pulse lasting several days. The most significant
variables measured with the TRT are the temperature of the heat transfer fluid at the inlet
and outlet of the heat exchanger, measured during the execution of the test. By comparing
these experimental data with the model describing the heat exchange between the liquid
and the ground, it is possible to estimate the thermal properties of the ground [57,59-62].
Saez Blazquez et al. [63] proposed a new experimental device that provides an inexpensive,
less time-consuming, and reliable approach to measuring thermal conductivity. This
approach may replace or supplement well-known but expensive methods such as the
thermal response test (TRT). Bae et al. [64] evaluated the thermal performance of different
types of BHE pipes using the Thermal Response Test (TRT) under the same field and test
conditions and found that the average thermal resistance of the well could be an important
factor in TRT, but the effect of the increased thermal conductivity of the pipe material itself
was not significant. Another important point is that the presence of groundwater advection
can greatly increase heat transfer and speed up the possibility of ground restoration, as
studied by Serageldin et al. [65], Lei et al. [2], Park et al. [66], and Sakata et al. [67].

Sliwa and Rosen [68] presented an overview of natural and artificial methods of
regenerating heat resources for BHE and took into account some of the natural methods
of ground regeneration, such as: groundwater flow, solar energy falling to the surface
(wind and also frost), heat transfer from sides of the BHE space, heat transfer from the
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bottom of the BHE space. Solar radiation on the earth’s surface and warm air/ambient
wind are two important heat sources for BHE fields. These sources are especially important
when the depth of the well is not great. In deep BHEs, the regeneration of heat from
solar radiation and atmospheric air is not so significant, and its importance decreases
with increasing depth. The thermal resistance of the ground has a great influence on the
heat transfer between the heat carrier and the ground. The second group of heat sources
for resource regeneration is geothermal heat from the surroundings and from under the
BHE field. When the geothermal source heat pump (GSHP) has only this heat source
regeneration system, conduction of heat from the ground itself may not be sufficient, and
the temperature of the BHE field may drop from year to year, heat renewal in such heat
exchanger fields is incomplete, after several years of temperature drop. The temperature
takes a low value at which heat from the vicinity of the BHE field can additionally dissipate
to this field. Convection is the third group of natural heat sources for the regeneration of the
BHE field. Sensitivity of loop outlet temperatures and heat transfer rates to hydrogeological,
systemic, and meteorological factors. Where there is groundwater flow, the mass flow may
be accompanied by heat transfer. Natural methods of heat regeneration may result in full or
only partial temperature regeneration. When full temperature renewal is not achieved due
to additional heat resources, it is necessary to use artificial heat sources. Miglani et al. [69]
described a methodology for optimizing the building’s energy system, including a detailed
BHE-based GSHP thermal model. The novelty of their model is that it enables the study of
dynamic changes in ground temperature during operation. In addition, a model of thermal
solar collectors was also included, which allows the study of solar ground regeneration in
the short, and long term. The results show that the ground temperature drops significantly
in the short term, and that solar regeneration due to excess heat in summer brings the
temperature back above the initial temperature. However, due to insufficient regeneration
in the long term, the ground temperature continues to drop. Zhao et al. [70] investigated
GSHP ground temperature distributions with different degrees of heat recovery. Compared
to conventional GSHP, those with heat recovery maintained constant ground temperature
and thermal imbalance factors during extended use, especially in hot summer and cold
winters areas.

The aim of the work is to verify the thermal regeneration phenomenon of the ground
in the period between heating seasons on the basis of the recorded data. This period should
be sufficient for the lower heat source temperature to return to the state before the previous
heating season. However, if the temperature of the heat source drops consistently, it may be
necessary to support regeneration, e.g., with solar collectors in the summer. The available
literature, e.g., [54,71-77], shows that in cold regions it seems necessary for long-term use.

2. Materials and Methods
2.1. Experimental and Measuring Site

The study of the ground regeneration process around the selected well was carried out
in the north-eastern part of Poland in Bialystok on the campus of the Bialystok University of
Technology. The city belongs to the “Green Lungs of Poland”. The geographic coordinates
of the explored well and the entire lower heat source are: longitude from 23°9'0.72” to
23°914.06" and latitude from 53°7'1.9" to 53°7'8.94". According to the Képpen-Geiger
climatic classification, the research site is located in the area of temperate continental
climate, designated as Dfb [78].

The analysis of the course of ground regeneration around the well covers the following
heating seasons: 2016/2017, 2017/2018, 2018/2019, and 2019/2020. The research was
carried out from 22 September 2016 to 12 October 2020. The article presents the evaluation
of ground regeneration on the example of one well, which was loaded with BHE work.

The standard heating season in this region of Poland lasts 232 days, and the regen-
eration period is 133 days, begins around 11 May, and lasts until around 20 September.
The number of heating degree days (HDDs) in the standard heating season based on
the multi-year outdoor temperatures (1991-2020) is 3496.1 days/K year, an internal air
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temperature in the heating zone of t,, = 18 °C. Unfortunately, not every heating season is
the same. Recent years have been characterized by very mild winters and hot summers
(e.g., 2018, 2019), compared to the statistical multi-year climatic conditions.

The characteristic climatic conditions for the area where the study of ground changes
during the period of its regeneration in 2016-2020 was carried out and the statistical climatic
conditions from the multi-year 1991-2020 are shown in Tables 1 and 2.

Table 1. Average outside air temperature from April to September for the area covered by BHE regeneration studies (Data

from the Institute of Meteorology and Water Management) [79].

Average Outside Air Temperature [°C]

Month Statistical 2016 2017 2018 2019 2020
19912020 (2015/2016) *  (2016/2017)*  (2017/2018)*  (2018/2019)*  (2019/2020) *

April 7.9 8.0 6.3 117 8.9 7.1
May 131 145 129 16.7 129 108
June 16.4 175 162 18.0 208 187
July 184 183 171 19.8 17.3 176
August 175 169 17.6 192 17.8 187
September 126 135 132 14.6 13.0 144
Average 14.3 14.8 139 16.7 15.1 14.6

Table 2. The minimum temperature at the ground from April to September for the area covered by BHE regeneration studies (Data

*—heating season.

from the Institute of Meteorology and Water Management) [79].

Minimum Temperature Near the Ground [°C]

Month Statistical 2016 2017 2018 2019 2020
1991-2020 (2015/2016) * (2016/2017) * (2017/2018) * (2018/2019) * (2019/2020) *

April —8.1 —5.8 -8.0 —6.7 —-8.7 —7.8
May —3.8 -1.1 —-3.2 0.5 —6.3 -39
June 0.7 -1.0 —04 —0.6 54 22
July 3.8 6.7 41 8.7 2.6 4.2
August 23 2.6 34 3.8 59 5.6
September -3.1 -1.6 -2.7 —32 —3.8 -1.2
Average -14 0.0 -1.1 04 -0.8 —0.2

*—heating season.

The ground temperature changes with depth, and the most intense changes occur in
the subsurface layers, where the temperature change is influenced by weather factors, e.g.,
solar radiation, rainfall, humidity, or type of coverage.

A statistical measure describing the heat demand in a building is the number of HDDs
in the heating season, which determines the energy consumption for heating buildings, and
thus the intensity with which the lower heat source is used. On the basis of the calculated
value of the number of HDDs, it is possible to compare successive heating seasons or refer
to the standard multi-year heating season, which includes average outside air temperatures
and the standard number of heating days in a given month.

In the work, in order to be able to compare the tested heating seasons, the number of
HDDs for each of them was determined based on the relationship (1):

12

Sd(tw) = Y [tw —te ()]-La (i) for t (i) <ty (1)

i=0
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where:

Sd(tw)—number of degree-days calculated for each year, [day/K-year],

ty—average temperature of indoor air in the heating zone, accepted for calculations
established 18°C, [°C]

te (i)—average monthly temperature of outdoor air for the particular year, [°C]

Ly (i)—number of heating days in the particular month for each year, [day].

Table 3 contains the number of HDDs calculated according to the Equation (1) that
characterize a given heating season. The duration of the heating season is closely related to
the regeneration period of the lower heat source. The longer the heating season, the shorter
the period of ground regeneration around the exploited well, which was loaded with heat
pumps work during the heating season.

Table 3. Characteristics of the heating season based on the number of HDDs.

Years of the Heating Season The Number of HDDs S4 Average Annual Outside Air

[Day/K-Year] Temperature [°C], [79]
2016/2017 32764 1 7.2
2017/2018 3174.1 8.8
2018/2019 3131.0 8.7
2019/2020 26514 | 9.2
1991—2020 3496.1 7.7

The shortest heating season was the 2019/2020 one, where the number of HDDs was
2651.4 day/K-year. It was characterized by the highest outside air temperatures in the
heating season. The lowest outside temperature and the highest number of HDDs were
characteristic of the 2016/2017 heating season.

The borehole selected for analysis with the 100 m deep working BHE placed in it is
one of 52 working wells [80]. The GSHP installation based on 52 BHEs is operated solely
for heating purposes for the building of the Bialystok University of Technology.

The analyzed BHE is a U-type exchanger and was made of PE-Xa cross-linked
polyethylene with a diameter of 40 x 3.7 mm. The outer diameter of the borehole is
160 mm. The annular space between the BHE pipes and the well’s walls was filled with a
mixture of bentonite mixed with the spoil. The probe is located at a distance of 10 m from
other vertical geothermal probes. All wells are spaced at equal 10 m intervals. The probe is
100 m deep and filled with an aqueous solution of propylene glycol, which is a heat carrier
with the following parameters: concentration 39%, density 1038 kg/m?, and specific heat
3.38 kJ / (kg K).

The land on which the BHE boreholes were drilled is covered with grass.

At the design stage, each BHE assumed a flow of 0.852 m3/h [81], while the actual
flows set on the rotameters during BHE operation are from 0.9 m3/hto 1.9 m3/h [80]. The
maximum well power determined during the tests using the TRT test was 3.54 kW, with
the operating time of the compressors up to 2000 h/year. Experimental measurements in
2018 and 2019 showed that the tested BHE wells during their operation did not reach their
maximum power of 3.54 kW, determined by the TRT test, and the operating time of heat
pump compressors exceeded 2000 h/year [80].

2.2. Ground Profile

The area where the studied BHE well is located is within the East European Platform.

Figure 1 shows the hydrogeological map with the BHEs location area marked; a better
quality map is available on the website [82]. The area on which 100 m drillings were made
in accordance with the presented map (Figure 1) does not have a designated usable aquifer
and additionally, according to the map, it is located in the area of a depression cone caused
by the exploitation of groundwater.
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Markings on the map:

J - Research area of the phenomenon of ground thermal regeneration.

OC1—groundwater well for emergency purposes intake 62 m a.s.l. deep;
OC2 —groundwater well for emergency purposes intake 195 m a.s.l. deep.

2s No designated aquifer.

- A depression cone caused by the exploitation of groundwater.
Aquifer —potential capacity of a drilled well, [m3h]:
- 10-30 - 50-70

- 30-50 - =70

Figure 1. Hydrogeological map with the BHE regeneration research area marked (scale 1: 50,000) [82], (Red Arrow—location
of the city of Bialystok on the map of Poland).

The geological profile of the ground-based on the documentation of the excavated
material obtained during drilling [83] is as follows: at a depth of up to 2 m below ground
level (b.g.1.) there is native ground, from 2 m to 4 m b.g.1,, horizontal dry clay, 4 m to 12 m
b.g.l., saturated sand and gravel, from 12 m to 40 m b.g.1., wet-humid, from 40 m to 45 m
b.g.l. there are silts, from 45 m to 100 m b.g.1. there are the clay, moist-moist layers.

In the vicinity of the analyzed area, there are two groundwater wells for emergency
purposes, OC1 and OC2, for which the hydrogeological conditions are known. The wells
are marked in green in Figure 1. The measurement well OC1 has a defined bottom of the
aquifer at a depth of 60 m above sea level (a.s.l.), and the top at a depth of 52 m a.s.1., while
in the OC2 one the bottom of the aquifers is at depths of 59 m a.s.l., 118 m a.s.l. and 195 m
a.s.l, and the topisat36 ma.s.l,, 104 m a.s.l., and 188 m a.s.1. [83].

Therefore, there is a high probability that the aquifer may exist at a similar depth
for the area under investigation. However, it is uncertain whether the existing aquifer
covers the entire area of the ground heat source and all the boreholes, or only a part of it
because, according to Figure 2 (a better quality map is available on the website [82]), the
borehole site is located in a place where the first aquifer is characterized by a significant
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diversification of the conditions of occurrence and properties of the aquifers. The water
table is discontinuous and variable, and it can occur at different depths.

| phenomenon of ground

thermal regeneration
RS A X

e, O

Markings on the map:

Research area of the phenomenon of ground thermal regeneration.

erties of aquifers. The water table is discontinuous and of a changeable nature.

_: The area of occurrence of the first aquifer with significantly different occurrence conditions and prop-

v T

5-20

1-2 Sy -

5-10

Figure 2. Hydrogeological map of the occurrence of the first aquifer with different conditions of occurrence of aquifers with
the marked area of ground regeneration research around BHEs (scale 1:50,000) [82].

The most important parameters characterizing the thermal properties of the ground are:
thermal conductivity coefficient, the heat capacity of the ground, and thermal diffusivity.

Table 4 presents the geological profile of the 100 m tested borehole along with the
thermal characteristics of the ground layers and the location of temperature sensors at
particular depths.

Table 4. The geological profile of the ground and the thermal characteristics of the ground lithologies have been assigned
according to the EED software database [83,84].

Percentage of Volumetric Thermal Number of
No. Lithology [83] Layer Top Bottom [83] Total Speilﬁc Heat lefusuil;:y Temperature
[m.b.g.1] Thickness [%] Co=p X Gy ax 10 Sensors
° [MJ/(m3-K)], [84] [m?/s] Placed
1 Native ground 0m 2.0m 2 14 0.36 7 pcs
2 Clay dry 2.0m 4.0m 2 1.6 0.41 3 pcs
Sand and Gravel,
3 40m 12m 8 1.62 0.51 8 pcs
saturated
4 Clay, moist-wet 12m 40m 28 24 0.65 6 pcs
5 Muds 40 m 45m 5 2.5 1.35 1 pcs
6 Clay, moist-wet 45m 100 m 55 2.4 0.65 5 pes




Energies 2021, 14, 4793 8 of 32

The weighted-average coefficient of volumetric heat capacity of the ground [M]/(m3-K)]
was determined by the computational method as the weighted average of the individual
layers of ground in the borehole, taking into account the share of a given layer in the entire
structure of a 100-m borehole from the dependence (2):

Cang = (0.02-Coy + 0.02-Co; + 0.08-Cos 4 0.28-Coy + 0.05-Cos + 0.55-Cug), [M] / (m3.1<)} ?)

where: Cv,—recommended coefficient of thermal capacity of a given layer of ground in
the well [MJ/(m3-K)], according to Table 4.

The calculated weighted average heat capacity of the ground in the tested well is
Cugog =2.31M]/ (m3-K). The ground thermal conductivity coefficient, in accordance with
the ground profile presented in Table 4, is A = 1.76 W/(m-K) & 0.03 W/(m-K). This coeffi-
cient was determined on the basis of the TRT test performed by an external company [80,81],
it covers all ground layers.

The last parameter that allows describing of the ground in terms of its thermal prop-
erties is thermal diffusivity. Thermal diffusivity a [m?/s], also called temperature con-
ductivity, determines the ability of the ground to equalize the temperature, and its value
depends on the type and moisture of the ground. There is a strong relationship between
ground moisture and the value of the thermal conductivity coefficient. The lowest values of
thermal diffusivity are found in dry ground, where the thermal diffusivity is, for example,
for sand, dry 0.29 x 107® m?/s. The increase in thermal diffusivity occurs most often
with the increase in thermal conductivity of the ground. On the other hand, a decrease in
ground diffusivity is observed when the increase in heat capacity with humidity is greater
than the thermal conductivity of the ground [85]. Table 4 shows the calculated thermal
diffusivity for individual ground layers based on the relationship (3):

() ]

where: A\;—thermal conductivity coefficient of a given ground layer, [W/(m-K)], Cv,—
average coefficient of heat capacity of ground in a given layer [M]/(m3-K)].
wherein:

MJ }

m3-K

Cou =Gy | @
where: p—density [kg/m?], C,—specific heat [M]/(kg-K)].

The thermal diffusivity of the ground layers in the tested well ranges from 0.49 x 107® m?/s
t00.96 x 10~% m?/s.

In terms of numbers, the thermal diffusivity of the regenerated ground is equal to the
temperature change rate aalw in a given soil layer, caused by a unit change in the temperature
gradient. After transforming the heat conduction equation [86,87] in the form (5):

AT 3 ( 3T\ | q,
T x <ﬂax) + a/ ®)

assuming that during the ground regeneration process, it is possible to assume q, = 0, we
obtain the relationship (6) describing the thermal diffusivity:

AT (AT (9T\\ ' [m?
~5=GG) ©
where: T—temperature, T—time, x—location coordinate (distance from the ground surface),
q,—heat source efficiency, assumed q, = 0, Cv,—volumetric heat capacity of the ground.
The weighted average coefficient of thermal diffusivity of the ground for the entire
tested well is 0.76 x 107% m?/s.

At the Bialystok University of Technology 52 boreholes were drilled, in each of them
there is a 100-m deep BHE, which is the lower heat source for two brine-water heat pumps
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Digital
Sensors
type
DS18B20
30 pcs

=

with a total heating power of 234.4 kW working exclusively for heating the building.
During the heating season, a BHE with a design maximum power of 3.54 kW is operating
in the well [81].

2.3. Measurement Methodology

A 100-m custom-made measuring probe equipped with 30 digital temperature sensors
was used to monitor changes in the ground temperatures around the BHE located in a
100-m depth borehole. Dallas Semiconductor DS18B20 sensors (Maxim Integrated Products,
San Jose, CA, USA) were used, which were placed in a protective, tight, and waterproof
housing. In order to increase the reliability of the measurement system, temperature sensors
are placed on four 1-Wire buses, not just on one bus. Each 1- Wire bus has 8 or 7 digital
DS18B20 sensors arranged alternately [88,89]. Electronic temperature sensors along the
entire length of 100 m of the measuring probe are placed at the following distances from
each other (see Table 4): on the first-meter section of the measuring probe every 0.2 m; in
the section from 1 m to 3 m every half meter; in the section from 3 m to 13 m every one
meter; in the section from 13 m to 15 m every two meters; on the section from 15 m to 30 m
every five meters and on the section from 30 m to 100 m every ten meters (according to the
concept of Piotrowska-Woroniak, Gajewski) [89]. The measuring sensors are integrated with
the SCADA (Supervisory Control and Data Acquisition) system that enables visualization,
data collection, and supervision of the measurement and technological processes in the
lower heat source. The measurement probe was placed approximately 10-15 cm from the
BHE and inserted into the well along with the vertical ground probe during drilling work.
Before starting the measurements, the sensors were calibrated with an accuracy of £0.1 °C.
Temperature measurements are carried out by means of continuous daily recording with
the recording frequency every 300 s.

The second, the same probe with 30 temperature sensors type DS18B20 is used to
measure the temperatures in the ground with intact structure. In this way, the temperature
of the ground is controlled in a state of undisturbed natural thermal equilibrium, which may
be disturbed, for example, by operating BHEs during the heating season. The measuring
probe is placed at a distance of 9.2 m from the well being tested. The parameters of the
used temperature sensors are presented in Table 5.

Table 5. The parameters of the Dallas Semiconductor DS18B20 digital sensors used to measure
ground temperatures around BHEs.

Measurement range from (—55) °C to +125 °C
from3.0Vto55V

from 9 to 12 bits (0.0625 °C at 12 bit)

Supply voltage

Resolution

Diameter: 6 mm
Length: 51 mm

P65

Sensor dimensions

Cover protection degree

The block diagram of the measurement path for measuring ground temperatures
around the BHE using sensors of the DS18B20 type is shown in Figure 3.

Main line 1-WIRE to pife:‘z:i‘t'h
- 5 con- i
1-WIRE - RRS485 con: ‘ PLC driver # SCADA
4 pcs verter
system

Figure 3. Block diagram of the measuring path for determining ground temperatures with DS temperature sensors (based

on [88]).
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The tested vertical BHE probe is additionally fitted with a JS90-2.5-NE PoWoGaz
flow transducer (Apator Powogaz, Toruni, Poland) with a PolluTherm microprocessor
conversion system (SENSUS, Raleigh, NC, USA) and a pair of PT500 platinum thermo-
resistance temperature sensors (Peak Sensors, Chesterfield, UK) mounted on the BHE
supply and return connector. It allows monitoring of operating parameters in the well,
such as: brine flow volume in [m3], brine inlet and outlet temperature in [°C], instantaneous
flow in [m3/h], instantaneous power of the ground probe in [kW], and the amount of heat
energy taken from the ground in [M]]. Parameters are recorded continuously around the
clock with a frequency of 300 s.

The block diagram of the measuring path for the developed test rig is shown in
Figure 4.

Flow transducer with

a pair of PT500 sensors Data Re- . ‘ PC com-

and a microprocessor- ‘ corder - puter

based conversion sys-
tem

M-Bus Master
switch-board

RRS-485 to USB

converter

Figure 4. Block diagram of the measuring path for the developed test rig.

3. Results and Discussion

During the research, an assessment of the regeneration of one selected BHE was
carried out covering the heating seasons: 2016/2017, 2017 /2018, 2018/2019, 2019 /2020,
and the regeneration periods that follow.

The entire lower heat source for brine-water heat pumps located at the Bialystok
University of Technology consists of 52 BHEs. It started working for the first time on
23 December 2014. The analysis of temperature changes in the ground covers the period
from 22 September 2016 to 12 October 2020, i.e., the third, fourth, fifth, and sixth operating
season of heat pumps with BHEs in a public utility building.

The paper presents the temperature distribution in the ground with an undisturbed
temperature field for each month of the year (see Figure 5) to illustrate and assess the
rate of changes in the ground, which was disturbed by the operation of BHEs. The
time of measurement with the measuring probe covers the period from March 2015 to
February 2016.

The average annual ground temperature (January—December) of the entire borehole is
about 9.4 °C, and taking into account only the months of the heating season (September—
April) it is about 8.7 °C, while taking into account only the summer months in the period
of ground regeneration (May—August) it is 10.9 °C.

In the months (May—August), up to a depth of 5 m, the average temperature is 14.9 °C,
from 5m to 12 m it is 8.9 °C, from 12 m to 25 m it is 9.1 °C and from 25 m to 100 m it is
8.1°C.

On the basis of Figure 5, a strong attenuation of the temperature can be seen with the
change of depth. Four distinct zones of temperature changes become apparent here. The
first zone, up to a depth of about 5 m, is a zone of very intense changes in soil temperature
associated with the occurrence of seasons and variable temperatures of the outside air,
sunlight, or precipitation. The recorded average ground temperatures vary from 1.1 °C (in
January) to 22.8 °C (in August), the temperature difference is 21.7 °C. The temperatures
in this layer of the ground are influenced by weather conditions. It is a zone of seasonal
temperature fluctuations. Average outside air temperatures in the period March 2015-
February 2016 ranged from —5.0 °C (January 2016) to 20.0 °C (August 2015) [79]. The
annual insolation was 1961.9 kWh/m? year [80] and was higher than the insolation from
the standard period 1991-2020, which is 1755.3 kWh/ mz'year (Table 2). In the second
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zone, at a depth of 5 m to 12 m, ground temperature changes in individual months of
the year are less intense than in the first layer. The measured temperature ranges from
8.3 °C to 12.7 °C, the average temperature difference is 4.4 °C. In the third zone of the
ground at a depth of 12 m to 25 m, on the basis of the tests, the recorded temperatures
ranged from 8.1 °C to 9.8 °C, the temperature difference was 1.7 °C. On the other hand,
in the last, fourth zone of the ground, at a depth of 25 m to 100 m, the variability of the
temperature gradient is much smaller. The temperature is almost constant and rises very
slowly. Figure 5 shows the temperature distribution in the ground in the studied area, in
which no disturbing factors, e.g., in the form of BHEs, occurred. The geothermal heat flux
for Bialystok is 0.04 W/m? [84]. On the basis of Figure 5, it can be seen that the average
annual temperature in the ground (January-December) at a depth of 25 m to 100 m has a
constant temperature of about 8.1 °C.
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0 2 4 6 8 10 12 14 16 18 20 22 24

0 HHadigHHekd g e
. - Py T —
5 m A=
+ SModh S~ December, T, =11.1°C,h=6m
-10 Il zone [y : ' ' ! ' '
T AR N [T January, Ty =10.4°C,h=7m
T ' \ | | \ | |
15 + I - February, T, =9.9°C,h=8-9m
20 T Ill zone |
-25
30 1 i Lt Taerpom=94°C
-35 | i
+ | ——March
40 T IV zgne [
T ——April
—_ 45 T I
£ 45 - ‘l’ = May
—
N — -0 [ ——June
B oo |
o - T ——Jul
a ] “ T Y
-60 e i ——August
T [
-65 ] } —+=Septemper
=70 + ——0October
T |
-I5 - ‘ l ——November
-80 —o—December
-85 —s—January
-90 + —«—February
-95 T ——Average
+ BHE GrO'T'"d temperature
-100 \ | | \

Figure 5. The ground temperature profile in the state of natural heat equilibrium undisturbed by
BHEs in the period March 2015-February 2016.

In Poland, the heating season starts in September, and the average monthly ground
temperature in September 2015 was around 11.8 °C.

During the period of the lowest temperatures of the outside air, i.e., in December, Jan-
uary, and February (Figure 6), it was observed that the maximum subsurface temperature
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of the ground occurred at depths of 6 m to 9 m (Figure 5). In December, the highest ground
temperature was at a depth of 6 m and it was 11.1 °C, in January at a depth of 7 m and it
was 10.4 °C, and in February at a depth of 89 m and it was 9.9 °C.
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Figure 6. Comparison of the average annual outside air temperatures between the heating seasons in 2015-2020 with the
average outside temperature based on the data for the period 1991-2020 (Te—outside temperature).

In Poland, the ground temperature at a depth of 15 m to 25 m is close to the average
annual air temperature [90], which was also confirmed by the research. On the basis of the
measurements (Figure 5), the average annual ground temperature at a depth of 15 m to
25 m was 8.9 °C, while the average annual temperature of the outside air for Bialystok was
then 8.6 °C [79].

Four heating seasons and the following periods of the ground regeneration were
analyzed. The exact time of on and off switching of the brine-water heat pumps with a
total heating power of 234.5 kW with BHEs in the building and the recovery time of the
boreholes in the years 20162020 are presented in Table 6.

Particular heating seasons differed in the computational number of HDDs and outside
temperatures (Figure 6), which influenced the consumption of thermal energy from the
ground and its operation. A typical heating season in the measurement area lasts 232 days.
On the basis of the brine-water heat pumps operation periods presented in Table 6, it
can be seen that the heating seasons from 2016/2017 to 2019/2020 were shorter than the
standard season and lasted from 198 days up to 205 days. It was related to warmer winters
and higher average monthly temperatures than the outdoor temperatures from the years
1991-2020. In the process of interpreting the data obtained during ground regeneration,
especially in the shallow zone, information on the outside air temperatures was used. The
chart of annual outdoor temperatures covering heating seasons, based on data obtained
from the Institute of Meteorology and Water Management [79], is shown in Figure 6.
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Table 6. The recovery time of boreholes and operation time of brine-water heat pumps with borehole heat exchangers in the
period from 22 September 2016 to 12 October 2020.

No. Dates Season The Number of Days
1 22 September 2016-9 April 2017 heat pump operation, heating season 2016,/2017 200
2 10 April 2017-21 September 2017 regeneration of wells after the heating season 2016/2017 165
3 22 September 2017-10 April 2018 heat pump operation, heating season 2017/2018 201
4 11 April 2018-30 September 2018 regeneration of wells after the heating season 2017/2018 173
5 1 October 2018-23 April 2019 heat pump operation, heating season 2018/2019 205
6 24 April 2019-23 September 2019 regeneration of wells after the heating season 2018/2019 153
7 24 September 2019-8 April 2020 heat pump operation, heating season 2019/2020 198
8 9 April 2020-12 October 2020 regeneration of wells after the heating season 2019 /2020 187

Each start-up of heat pumps with the start of the heating season (2016,/2017,2017 /2018,
2018/2019, 2019/2020) in the building of the Bialystok University of Technology resulted in
a decrease in ground temperature due to the consumption of heat energy from the ground
by 52 BHESs, which are the lower heat source with a design power of 184 kW.

During the extraction of heat from the ground by BHESs, the natural thermal equilib-
rium of the ground, shown in Figure 5, is disturbed and the temperature around the well
changes. The ground temperature drops. There is a process of transient heat transfer in
the ground, because both the temperature distribution around the well and the amount of
heat exchanged change over time. With a properly designed and operated ground heat
source and with due diligence made boreholes, the ground should regenerate every year
and return to the baseline state from the previous heating season.

According to Kupiec and Larwa [91], when there is a heat exchanger in the ground
and the top layer of the ground has low thermal diffusivity, the temperature profiles in
the lower layers undergo significant and long-term time changes. After several years of
operation of the exchanger in these conditions, the cooling of the ground may be significant,
because it is not properly compensated by heat transport from the environment.

Table 4 presents the values of thermal diffusivity of individual layers in the tested
well. The top layer, up to a depth of 4 m, consists of: native salt and clay ground, for which
the thermal diffusivity of the layer is from 0.36:107° m? /s t0 0.41-10~° m?2/s.

Figure 7 shows the first analyzed heating season 2016/2017, which started on
22 September 2016. The base profile of the 2016/2017 heating season is marked in brown
in the chart. Additionally, in order to compare the changes taking place in the ground,
the graph shows an undisturbed profile of the ground temperatures on the same day, i.e.,
on 22 September 2016 measured at the control point 9.2 m away from the well (marked in
black), the average temperature of which is 11.1 °C.

It can be noticed that there are temperature differences between the two profiles, the
largest are up to a depth of 9 m. On average, in the entire depth up to 9 m, the temperature
in the ground with an intact structure is 0.8 °C higher than the temperature of the ground,
which was loaded with BHEs a year earlier (heating season 2015/2016). The biggest
differences between the measured temperatures occur at a depth of 2 m to 5 m and they
amount to about 1.6 °C. At a depth of 8 m to 100 m, the temperature of the ground in the
borehole has a very similar profile to the ground with an undisturbed state of thermal
equilibrium, the difference is only 0.1 °C.

The average annual ground temperature around the BHE before the start of the
2016/2017 heating season (22 September 2016) was 10.7 °C. The heating season lasted
200 days and ended on 9 April 2017 (the temperature profile in the ground is marked in
blue). The profile shows the measured borehole temperatures on the last day of operation of
the heat pumps, ending the heating season and beginning the ground regeneration period.
The average temperature of the well after the end of the heating season was 2.2 °C. The
blue arrow shows the direction of changes in the lowering of the temperature in the ground
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at particular depths during the operation of the heat pumps. Figure 7 shows the shift of
the temperature profile in relation to the base profile along with examples of temperature
differences between the profiles at different depths. A noticeable decrease in temperature
is noticeable due to the consumption of thermal energy by the vertical ground probe. In
the period of the lowest external temperatures, in the heating season at the beginning of
February (8 February 2017), the average temperature in the well was also 2.2 °C.
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Figure 7. Ground temperature profiles in the well loaded with BHE work in the heating season
2016/2017 and during the ground regeneration period together with an undisturbed ground profile
(of 22 September 2016). Markings: blue arrow—the direction of work of the heat source dur-
ing the extraction of thermal energy from the ground, black arrow—the direction of the ground
regeneration cycle.

After a 200-day heating season, the well cooled down by 8.5 °C compared to the
initial temperature that started the heating season (22 September 2016). The ground
regeneration period started on 10 April 2017 and lasted 165 days. The most intense changes
in temperature during the regeneration period occurred in the subsurface layer, it was
related to the variability of outside air temperatures (Figure 6). In the middle of the
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ground regeneration period (11 July 2017), the average temperature in the well was 9.3 °C,
there was a rapid increase in temperature by 7.1 °C, despite the cold and rainy spring
and summer period. The ground temperature distribution profile in the middle of the
regeneration cycle is shown in green in Figure 7.

The process of the ground regeneration in a shallow zone from 0 to 15 m is influenced
by weather conditions, and below a depth of 15-20 m, the ground temperature field is
regulated by the geothermal heat of the earth and depends on the volumetric heat capacity
coefficient of a given ground layer and the groundwater flow [92]. The speed of the
ground regeneration process depends not only on solar radiation and increasing outside
air temperature, but also on the occurrence of precipitation, which was confirmed, among
others, by the ground regeneration studies after the 2016/2017 heating season.

The period of spring and the beginning of summer (April-July), when the first half of
the ground regeneration falls, in 2017 (after the 2016/2017 heating season) was very rainy
and humid (Appendix A). The average amount of precipitation until July was 98.4 mm
with an average air humidity at that time of about 72.9%, where, in 2018 the average
monthly rainfall was only 31.5 mm, and the average humidity until July was 67.4%. 2017,
and thus the ground reclamation period in 2017, was very cool and very rainy compared to
2018 which was warm, dry, and sunny.

The average outside air temperature in 2017 from April to September was 13.9 °C,
while in 2018 it was 16.7 °C. Nevertheless, by the middle of the ground regeneration
period, the average temperature of the entire well was almost identical. After the heating
season 2016/2017 it was 9.3 °C, and after the heating season 2017/2018 it was 9.2 °C
(Figures 7 and 8).

Rainfall, and thus the share of flowing rainwater, influenced the regeneration of the
ground most intensively to a depth of 5 m. However, the outside air temperature, for this
time of the year (Table 2), was even lower than the average temperatures from the years
1991-2020. The period was also characterized by a lower intensity of solar radiation. The
average monthly insolation from April to September in 2017 was 215.9 kWh/m?, while in
2018 it was already 266.9 kWh/m?.

The ground temperature after the completed regeneration process (21 September 2017)
was 10.2 °C (red curve). Compared to the baseline profile of the well before the start of the
heating season (22 September 2016), the average recorded ground temperature is 0.5 °C
lower. The ground temperature profile after the regeneration period did not perfectly
return to its original state, i.e., the beginning of the 2016/2017 heating season. Only at
a depth of 60 m has the ground fully regenerated, this may be related to the probable
occurrence of an aquifer at this depth. It is also close to the starting profile at a depth
of 100 m. The aquifer in the drilling area has not been determined (Figure 1), only the
hydrogeological conditions for the nearby OC1 and OC2 wells are known. And on their
basis, the probability of aquifers was assumed.

The well after the completed regeneration period (21 September 2017) also did not
reach temperatures identical to the profile of the ground with its intact structure. There is
a measurable decrease in the temperature of the lower heat source, on average by about
0.9 °C throughout the well.

The end of the ground regeneration period 2016/2017 is also the beginning of the
heating season 2017/2018.

In the following heating seasons, 2017/2018 (Figure 8), 2018/2019 (Figure 9), and
2019/2020 (Figure 10), the following assumptions were made: the beginning of a new
heating season is always a profile of a regenerated well marked identically to the profile of
a well from the previous season, and the end of the heating season is a blue profile, which
at the same time marks the beginning of the ground regeneration period in the analyzed
heating season and at the same time is the end of a given heating season.
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Figure 8. Ground temperature profiles in the well loaded with BHE work in the heating season
2017/2018 and during the ground regeneration period together with an undisturbed ground profile
(of 22 September 2016). Markings: blue arrow—the direction of work of the heat source dur-
ing the extraction of thermal energy from the ground, black arrow—the direction of the ground
regeneration cycle.

The arrows on the charts show the direction of the processes taking place. The blue
arrow shows the direction of the process of collecting thermal energy from the ground
during the heating season, i.e., ground cooling, while the black arrow shows the direction
and start of the ground regeneration process, i.e., ground heating and its return to the
initial state of thermal equilibrium.

End of the ground regeneration process-red profile. On the other hand, the ground
temperature profile marked in green shows the temperature distribution in the ground
exactly in the middle of the regeneration cycle of a given heating season, which usually
occurs at the beginning of July. Additionally, in Figures 8-10 the black dashed line shows
the ground temperature profile in the state of undisturbed natural heat equilibrium of
22 September 2016, the beginning of the 2016/2017 heating season in order to show the
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changes that have occurred in the ground since then in the subsequent ones following
heating seasons.
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Figure 9. Ground temperature profiles in the well loaded with BHE work in the heating season
2018/2019 and during the ground regeneration period together with an undisturbed ground profile

(of 22 September 2016). Markings: blue arrow—the direction of work of the heat source dur-
ing the extraction of thermal energy from the ground, black arrow—the direction of the ground

regeneration cycle.

Figure 8 shows the second analyzed heating season 2017/2018, which started on
22 September 2017. The average temperature of the well at the beginning of the starting
heating season was lower by 0.5 °C compared to the 2016/2017 heating season. The
base profile for this season is the temperature profile of the regenerated ground after the
2016/2017 heating season.
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Figure 10. Ground temperature profiles in the well loaded with BHE work in the heating sea-

Date 24 Sept. 2019 — 12 Oct. 2020

son 2019/2020 and during the ground regeneration period together with an undisturbed ground
profile (of 22 September 2016). Markings: blue arrow—the direction of work of the heat source
during the extraction of thermal energy from the ground, black arrow—the direction of the ground
regeneration cycle.

The average temperature of the well at the beginning of the heating season was
10.2 °C, and at the end of the heating season was 4.1 °C. During the heating season, the
lowest average temperature of the well was recorded at the end of February (20 February
2018) and was 1.8 °C. After the 201-day heating season, the ground cooled down by
6.1 °C, while in the 2016/2017 heating season, the ground cooled down by 8.5 °C. The
differences here result from the number of HDDs in the heating season. The number of
HDDs in the 2016/2017 heating season was 3276.4 day/K-year and was 102.3 day/K-year
longer than in the 2017 /2018 heating season. The exact duration of the season is shown
in Table 6. The well’s regeneration began on 11 April 2018 and lasted 173 days. In the
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middle of the regeneration period (86 days of regeneration), which fell on 06 July 2018, the
average temperature in the well was 9.2 °C, there was a temperature increase of 5.1 °C. The
temperature distribution profile in July is shown in green in Figure 8. In the second half of
the ground regeneration period in 2018, the process was much slower. In the zone up to
10 m, the temperature in the ground changed on average by 1.7 °C, there the influence of
weather conditions was still visible, while at depths from 10 m to 100 m the temperature
change was insignificant by 0.2 °C.

The temperature in the well after the completed ground regeneration process
(30 September 2018) was 9.6 °C (red curve). Compared to the well’s baseline profile
(22 September 2017), the average recorded ground temperature is 0.6 °C lower. After
a period of ground regeneration, the well did not return perfectly to its baseline profile
prior to the start of the 2017/2018 heating season. Comparing the temperature profile
at the end of the ground regeneration period (30 September 2018) with the undisturbed
ground profile from the 2016/2017 heating season, the temperature difference is bigger
and amounts to 1.5 °C.

Figures 9 and 10 show the disturbed ground temperature profiles loaded with the
BHE work for the following heating seasons: 2018/2019 and 2019/2020.

The 2018/2019 heating season started on 1 October 2018 and the average temperature
of the well was 0.6 °C lower than in the 2017 /2018 heating season. Figure 9 shows the third
tested heating season 2018/2019. The base profile for this heating season is the temperature
profile of the regenerated ground after the 2017/2018 heating season.

The average temperature of the well at the beginning of the heating season was 9.6 °C,
and at the end of the heating season was 5.5 °C. During the heating season, the lowest
average temperature of the well was recorded at the end of February (27 February 2019)
and was 2.2 °C. After a 205-day heating season, before the beginning of the regeneration
period, the temperature of the ground in the well decreased by 4.1 °C. Lower cooling of
the ground in the well compared to the 2016/2017 and 2017/2018 seasons is related to the
lower number of HDDs in the heating season, the amount of which depends on the outside
air temperatures and the number of heating days during the year. Characteristics of heating
seasons based on the number of degree days are presented in Table 3. Well regeneration
began on 24-April-2019 and lasted 153 days. In the middle of the regeneration period (the
76th day of regeneration), which fell on 9 July 2019, the average temperature in the well
was 9.3 °C, the temperature increased by 3.8 °C. The temperature distribution profile in
July is shown in green in Figure 9. The temperature in the well after the completed ground
regeneration process (23 September 2019) was 9.7 °C (red curve). Compared to the base
profile of the well, the average recorded ground temperature is 0.1 °C higher, which means
that the well has recovered.

The last analyzed heating season 2019/2020 started on 24 September 2019. Figure 10
shows the tested heating season 2019/2020. The base profile of this season is the tempera-
ture profile of the regenerated ground after the 2018/2019 heating season.

The average temperature of the well at the beginning of the heating season was 9.7 °C,
and at the end of the heating season was 4.3 °C. After a 198-day heating season, the
ground temperature in the borehole decreased by 5.4 °C. The well’s regeneration started on
09 April 2020 and lasted 187 days. In the middle of the regeneration period (93 regeneration
days), which fell on 10 July 2019, the average temperature in the well was 9.3 °C, since
the heat pumps were turned off in the building, the temperature increased by 5.0 °C. The
temperature distribution profile in July is shown in green in Figure 10. The temperature
in the borehole after the completed ground regeneration process (12-October 2020) was
9.6 °C. Compared to the base profile of the well, the average recorded ground temperature
is only 0.1 °C lower, which means that the well has also recovered after the 2019,/2020
heating season.

Figures 8-10 show the temperature profile in the ground in the state of undisturbed
natural thermal equilibrium (black line, 22 September 2016), i.e., exactly before the start
of the 2016/2017 heating season. As can be seen after subsequent seasons of the ground
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regeneration (2017/2018—Figure 8, 2018/2019—Figure 9, 2019/2020—Figure 10), the
profile was not obtained in the well as a result of self-regeneration of the ground with a
profile identical or similar to the initial profile from 22 September 2016 (2016,/2017). Before
the start of the 2017/2018 heating season, the temperature in the well was lower by 0.9 °C
(Figure 8) compared to 2016/2017. In the following year (2018/2019 season) it was lower
by 1.5 °C and in the last tested season 2019/2020 lower by 1.4 °C. It follows that in the
analyzed period (2016/2017-2019/2020) the tested well cooled perhaps irreversibly by
about 1.4 °C.

The well cooling down without active regeneration was also achieved by Szulgowska-
Zgrzywa and Fidoréw-Kaprawy [93], which for three years studied the regeneration of
wells in the office building. Well cooling without active regeneration averaged 0.8 °C
per year. Then they simulated the operation of an actively regenerated well by injecting
heat from the solar collector into the well. The simulations showed a positive effect of
regeneration on the final efficiency of the tested heat pump system at the level of 3% and
4% annually in the second and third years of operation, respectively.

The process of the ground regeneration was slightly different each year (Figures 7-10),
it was related to the length of the heating season and the intensity of energy consumption
from the ground by BHEs. From the moment the ground regeneration process commenced,
which commenced on the day the heat pumps in the building were turned off, to the
end of the regeneration process (the moment when the heat pumps were turned on), the
temperature increase in the borehole at different depths was not identical.

Table 7 shows the average initial temperature of the well T1 [°C] at the beginning of
the ground regeneration process and the end temperature T2 [°C] at the end of the ground
regeneration process during four seasons at the following depths: 5 m, 20 m, 40 m, 60 m,
and 90 m (Figures 7-10) and its temperature rise. The exact date of commencement and
completion of the ground regeneration is given in Table 6.

Table 7. Ground temperatures in the well at selected depths during the ground regeneration process
(April-September) after the 2016,/2017, 2017 /2018, 2018/2019, and 2019/2020 heating seasons.

The Period of the Ground Regeneration

Temperature Rise in

Borehole Depth Initial Temperature Final Temperature the Wellbore | AT |
T1[°C] T2[°C] [°Cl]
Start April Stop September
Season 2016/2017
5m 2.5 10.0 7.5
20m 1.8 7.8 6.0
40 m 1.7 7.2 5.5
60 m 4.0 7.7 3.7
90 m 3.4 7.1 3.7
Average 22 10.2 8.0
Season 2017/2018
5m 43 9.4 5.1
20 m 43 7.2 29
40 m 45 6.6 21
60 m 5.4 7.1 1.7
90 m 47 6.5 1.8

Average 41 9.6 5.5
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Table 7. Cont.

The Period of the Ground Regeneration

Temperature Rise in

Borehole Depth Initial Temperature Final Temperature the Wellbore | AT |
T1[°C] T2[°C] [°cl
Start April Stop September

Season 2018/2019
5m 5.4 10.5 5.1
20m 5.0 6.8 1.8
40m 51 6.3 1.2
60 m 5.5 6.9 1.4
90 m 4.6 6.2 1.6
Average 55 9.7 42

Season 2019/2020
5m 4.6 10.9 6.3
20m 3.6 6.6 3.0
40 m 3.8 6.1 2.3
60 m 5.0 6.9 1.9
90 m 42 6.1 1.9
Average 43 9.6 53

Based on Table 7, it can be seen that the highest temperature increases are in the
subsurface zone of 5 m, while the smaller temperature increases are at greater depths,
where the impact of the earth’s geothermal heat flux begins. The share of geothermal heat
in the total ground regeneration balance changes with depth. There is no repeatability of
temperature profiles in subsequent heating seasons.

The lowest average temperature in the well starting the ground regeneration process
was recorded after the 2016/2017 heating season, it was 2.2 °C (10 April), while in a similar
period (9 April), but after the 2019/2020 heating season, it was 4.3 °C (Figures 7 and 10),
and after the 2017/2018 heating season it was 4.1 °C (11 April), as shown in Figure 8. The
highest temperature starting the regeneration of the ground around BHE was after the
2018/2019 heating season and was 5.5 °C (23 September), as shown in Figure 9.

Exactly in the middle of the ground regeneration process, despite the different lengths
and temperatures of heating seasons, the average temperature in the well was similar to
each other. After the 2017/2018 heating season, the average temperature of the entire well
was 9.2 °C, and after the 2018/2019 and 2019 /2020 heating seasons it was 9.3 °C. Despite
the similar temperature in the wellbore in the subsequent heating seasons in the same
period, the temperature increases differed and were not the same. The highest temperature
increase was recorded after the 2016/2017 heating season and it was 7.1 °C, it was related
to the well cooling down during its operation. The smallest increase was recorded after the
2018/2019 season, and it was 3.8 °C.

Based on the research, it can be noted that already halfway through the regeneration
of the ground (about 77-94 days), which is most often at the beginning of July (2016/2017—
01 July 2017; 2017 /2018—06 July 2018; 2018 /2019—09 July 2019; 2019/2020—10 July 2020),
the ground regeneration phenomenon is the fastest (see Figures 8-10). In the second half of
the ground regeneration period, its process is much slower, which is especially visible at
depths below 10 m.

The example of research carried out in 2018 shows the rate of thermal regeneration of
the ground around the BHE well in the months from April to September at selected depths
in the well.
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Figure 11 shows a graph of temperature changes during the course of the ground
regeneration in the borehole after the 2017/2018 heating season at a depth of 1.5 m to 5 m.
Figure 12 shows changes in the ground temperature at depths from 4 m to 11 m, while
Figure 13 shows temperature changes at depths from 10 m to 90 m.
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Time of ground regeneration [day]

Figure 11. Graph of temperature changes in the tested well during the ground regeneration period (11 April 2018-
30 September 2018) after the 2017/2018 heating season at depths from 1.5 m to 5 m.
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Figure 12. Graph of temperature changes in the tested well during the ground regeneration period (11 April 2018-
30 September 2018) after the 2017/2018 heating season at depths from 4 m to 11 m.
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Figure 13. Graph of temperature changes in the tested well during the ground regeneration period (11 April 2018-
30 September 2018) after the 2017/2018 heating season at depths from 10 m to 90 m.

Figure 11 shows an intense change in the ground temperature during its regeneration
in layers up to 5 m, which are influenced by short-term weather conditions. The 1.5 m layer
is very sensitive to the daily temperature change and reacts very quickly by heating or
cooling the ground. There are noticeable fluctuations in the rise of the ground temperature.
The temperature depends, among others, on rainfall, solar radiation, fluctuations in outside
air temperature, or air humidity (Table 2 and Appendix A). The influence of weather
conditions at different depths is marked at different times. Temperature changes at a depth
of 4 m after approx. 15 days, at a depth of 5 m after approx. 25-26 days, at a depth of
6 m after approx. 33 days, at a depth of 8 m after approx. 70 days, at a depth of 9 m after
approx. 85-90 days as shown in Figure 12. At a depth of 8-10 m, the impact of changes
on the surface is insignificant compared to the shallower layers. The regeneration process
showed the influence of weather conditions at a depth of 10 m after about 110 days and a
very insignificant effect at a depth of 12 m (Figure 13). At a depth of 15 m in the borehole,
the influence of weather conditions is imperceptible, as well as at depths from 25 m to
90 m. In this case, the ground temperature is almost constant, it rises very slowly due to
the thermal influence of the earth’s interior.

Figure 14 shows the distribution of soil temperatures at different depths in a 100 m
well bore on 01 September 2015, 01 September 2016, 01 September 2018, 01 September 2019
and 01 September 2020. The temperature in the wellbore was measured on the same
day over the course of several years and, as it can be seen in the chart, it was not the
same. Temperature drop is noticeable here. During the first year of soil regeneration on
01 September 2015, the average temperature in the well was 11.8 °C, the remaining average
temperatures measured on 01 September in 20162020 are presented in Table 8.
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Figure 14. Ground temperature profiles with BHE during the ongoing period of ground self-
regeneration on September 1 recorded in years 2015-2020.

Table 8. The average temperature in the well on the selected date in the years 2015-2020.

No. Dates Average Well Temperature [°C]
1 1 September 2015 11.8
2 1 September 2016 10.7
3 1 September 2017 *
21 September 2017 10.2
4 1 September 2018 9.6
5 1 September 2019 9.7
6 1 September 2020 9.6

*—no data registration 1 September 2017.
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None of the ground temperature profiles in the well in the four analyzed heating
seasons reached the temperatures in September recorded in the ground on 1 September
2015. The temperature difference between 1 September 2015 and 1 September 2020 is
22°C.

The average well temperature, recorded on the 1st of September, reflects the tem-
perature of the recovered ground at the end of the well regeneration period. The well
regeneration process, as shown in Figures 11-13 in September (145 recovery days), is
already very slow at depths from 10 m due to the decreasing temperature gradients.

In 2018-2020, the average temperature in the well, both measured on the 1st of
September and at the end of the ground regeneration period after the 2017/2018, 2018/2019
and 2019/2020 seasons, remains at almost the same level, amounting to 9.6-9.7 °C. After
four years of operation, the temperature in the well decreased by 2.2 °C, the fifth and
the sixth year of operation did not bring any further changes in the ground temperature
reduction (Table 8). Perhaps it is a new thermal equilibrium between BHE and the ground.
However, only the ground research and its observations in the coming years will be able to
confirm this thesis.

A similar phenomenon was noticed and described by Rybach and Sanner [92]. They
found that in the near field around the heat exchanger, the ground cools down during the
first 2-3 years of operation. The temperature deficit decreases from year to year until a new
stable thermal equilibrium is established between the BHE and the ground, at temperatures
about 1-2 °C lower than originally. Despite the cooling of the ground, there is no sudden
drop in the efficiency of the heat source. In any case, this can be understood as pure
coincidence, but as you can see, similar cases are already known. Therefore, it should be
taken into account that if the initial thermal conditions do not improve between seasons
in any facility, it is due to the net amount of energy exchange, the configuration of the
BHE field, and the local geological and hydrogeological conditions. The above-mentioned
authors also simulated the operation of the BHE over a 30-year period and the recovery of
heat from the ground over a period of 25 years after its end-of-life. The obtained results
confirmed that the temperature near BHE in winter drops quickly in the first years and
remains more or less stable in the following years. In summer, the initial temperatures are
not reached again, but the temperature drop decreases from year to year. After the end of
the operation, quick heat recovery can be observed after the heating season, followed by a
slowdown of this process due to decreasing temperature gradients [84].

4. Conclusions

Based on the conducted research, the phenomenon of thermal ground regeneration in
the period between the heating seasons 2016,/2017, 2017 /2018, 2018 /2019, and 2019/2020
was verified on the basis of the recorded data. The GSHP installation during the heating
season works exclusively for heating purposes of the building. The obtained results show
that in successive heating seasons there is no repeatability of temperature distribution in
the ground, both during the heating season and the course of the ground regeneration
process. Additionally:

e Inthelayer at a depth of 6-9 m, in the coldest months in Poland, from December to
February, the occurrence of maximum temperatures at the level of 9.9 °C (February)-
11.1 °C (December), where the average annual ground temperature at a depth of
25 m to 100 m is 8.1 °C. Perhaps it would be reasonable and economical to use, when
designing lower heat sources, to a much greater extent these ground layers, e.g., by
drilling oblique boreholes, basket heat exchangers, and others.

e  The measurements confirmed that at a depth of 15-25 m, the average annual ground
temperature has a temperature close to the annual average outside air temperature,
and in shallow, near-surface zones, the ground temperature changes seasonally under
the influence of weather conditions, that are difficult to predict [91,94-97].

e  Despite shorter heating seasons lasting 200-201 days and the number of HDDs in the
heating season 3174.1-3276.4 days/K year, in 20162018, compared to the standard
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season, which lasts 232 days, where the number of HDDs is 3496.1 day/K year, the
well under test has not fully recovered. However, in the 2018,/2019 and 2019/2020
seasons, the ground temperature during regeneration returned to the baseline from
before the preceding heating season.

Despite the full regeneration of the ground in the last two heating seasons, in the

studied period from 22 September 2016 to 12 October 2020, the ground probably cooled
irreversibly by 1.5 °C. However, taking into account the years 2015-2020, the cooling of the
ground is already 2.2 °C. The average annual temperature of the well in 2015 was 11.8 °C,
and in 2020 it is 9.6 °C.

With such long heating seasons (in cold regions), it seems reasonable to use an ad-
ditional heat source at the stage of designing ground heat exchangers, supporting
ground regeneration in the summer. Ground regeneration in summer can be sup-
ported by, among others, PV panels with electric heaters or liquid solar collectors,
which in the case of public buildings, especially schools, would allow the use of excess
thermal energy obtained from solar collectors, mainly during the holiday season,
which is a huge problem, especially in schools, in the months of VII-VIIL

It also seems justified due to the intensity of solar radiation in the summer, and
thus the amount of heat that cannot be quickly pumped into the ground in order to
regenerate BHE, the use of underground energy storage, because in a cold climate
without adequate heat injection in summer, the ground temperature may not return
to its natural state, and this process may worsen with each passing year. The use
of underground energy storage or hybrid systems will help to reduce the carbon
footprint, which is one of the main goals of the European Green Deal.

The weather conditions affect the ground regeneration process in the zone from
0-12 m. At the same time, the influence of weather conditions at different depths is
not marked simultaneously at the same time. The reaction time depends on the depth,
the deeper it is, the longer it is, e.g., in the zone at a depth of 4 m, it started after
about 15 days, but at a depth of 10 m after about 110 days. A slight influence was
observed at a depth of 12 m, and was imperceptible at depths of 15-100 m. Rybach
and Sanner [92] showed that the zone of the influence of atmospheric conditions in
the place of their research was 0-15 m.

The process of ground regeneration is most intensive until the middle of its time (it is
usually the beginning of July), then its further regeneration is very slow, especially at
depths below 10 m, the influence of climatic conditions is less noticeable here. Below
the depth of 12 m, the ground temperature field is regulated by the geothermal heat
flux from the interior of the Earth and the possible flow of groundwater.

The average temperature of the regenerated ground in 2018-2020 (the fifth and sixth
heating season) remains at the same level of 9.6-9.7 °C, hence it is possible that a new
stable thermal equilibrium has been established between the BHE and the ground.
Possibly, it may be related, in this period, to warmer winters and a shorter heating
season, and thus a longer period of the ground regeneration around the BHE. However,
only further research, which the author will provide in the following years, will allow
to confirm, or reject this thesis.

The conducted research will help to better understand the changes taking place in
the ground, and thus to better design lower heat sources for heat pumps systems,
whether in the form of horizontal, vertical, oblique, or basket ground heat exchangers.
They can be used to validate numerical models for convection and conduction of heat
transport in the ground. The obtained results of measurements of temperature in
the ground can be used for long-term simulations and are very valuable information,
allowing for the introduction of, for example, corrections in very ideal, sometimes
theoretical mathematical models, used to simulate lower heat sources, and allow to see
the complexity of processes related to heat and mass transfer occurring in the ground.
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e  The article contributes to the scientific community, particularly by showing a very
relevant and useful technical approach to quantify the cooling effect of soil based on
detailed long-term monitoring of ground temperatures.

e  From the point of view of the proper exploitation of the ground heat source, it seems
important to introduce monitoring of shallow geothermal systems, especially in the
case of large and extensive BHE installations. The number of checkpoints should
depend on the number of GHE or installed thermal power. The ground monitoring
should also be accompanied by the control of all other important technical parameters
of the GSHP room, such as electricity consumption, inlet, and outlet temperatures of
the evaporator and GSHP condenser, compressor operating hours, etc.
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Appendix A

In order to thoroughly analyze the temperature changes occurring in the upper layers
around the well, during its regeneration, Table A1 presents the average insolation, average
daily humidity and average rainfall for the years 2016-2020 and the multi-year period
1991-2020 for the analyzed area.

Average insolation, humidity and total precipitation for the area covered by the
research on the regeneration phenomenon (Data from the Institute of Meteorology and
Water Management) [79].
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Table Al. The average insolation, average daily humidity and average rainfall for the years 2016-2020 and the multi-year
period 1991-2020 for the analyzed area.

Insolation [kWh/m?]

Month Statistical 2016 2017 2018 2019 2020
1991-2020 (2015/2016) * (2016/2017) * (2017/2018) * (2018/2019) * (2019/2020) *
I\Y 185.7 142.8 169.7 248.6 292.6 255.7
\Y% 254.1 295.7 279.9 363.2 195.0 227.2
VI 259.3 313.0 237.7 259.9 371.9 245.0
VII 256.9 177.1 2525 202.0 257.6 261.4
VIII 250.5 216.1 237.7 294.3 298.4 258.0
IX 161.8 202.6 117.7 233.5 203.3 225.9
Average 233.0 224.6 215.9 266.9 269.8 2455
Annually I-XTI 1755.3 1688.9 1553.9 2008.5 2032.2 1846.1
Humidity [%]
Month Statistical 2016 2017 2018 2019 2020
1991-2020 (2015/2016) * (2016/2017) * (2017/2018) * (2018/2019) * (2019/2020) *
v 69.8 67.9 73.0 68.0 54.4 55.8
\ 71.2 69.7 67.4 63.7 73.6 69.0
VI 73.1 68.3 73.4 62.3 67.9 75.9
VI 75.4 79.7 77.7 77.2 73.8 73.8
VIII 77.2 80.5 79.6 74.9 78.6 75.0
IX 82.5 80.9 85.4 78.6 79.2 81.5
Average 74.9 74.5 76.1 70.8 71.3 71.8
Annually I-XTI 80.5 79.9 81.4 78.0 77.9 79.0
Total Precipitation [mm]
Month Statistical 2016 2017 2018 2019 2020
1991-2020 (2015/2016) * (2016/2017) * (2017/2018) * (2018/2019) * (2019/2020) *
v 37.7 37.3 78.0 41.0 4.1 5.1
\ 69.1 46.7 101.1 31.2 100.4 72.0
VI 65.4 44.4 116.1 22.4 50.3 138.6
VII 86.5 186.6 82.8 144.8 113.5 432
VIII 69.4 68.6 108.2 25.9 100.7 97.5
IX 56.0 21.5 123.4 65.9 54.0 245
Average 64.0 67.5 101.6 55.2 70.5 63.5
Annually I-XII 610.2 790.0 934.6 536.2 617.6 639.9

*—heating season.
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