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Abstract: On the basis of experimental studies, the operational power of four borehole heat exchang-
ers (BHE) under real conditions was determined. The research was carried out in 2018-2019. The
theoretical power of the BHE was verified with its operating power. The amount of thermal energy
absorbed from the ground by individual BHEs, the operating temperatures obtained at the inlet
and outlet of the exchanger, the annual brine flow rate, and the average operating power of the
tested wells in two heating seasons were compared and analyzed. Both in 2018 and 2019, none of the
examined exchangers achieved an average unit capacity of a well. The aim of the work is to verify
the specific ground thermal efficiency indicators adopted for the design of the lower heat source,
determined using the computational method and the TRT test with data obtained on the basis of
experimental tests. The differences between the results of the tests of the operating parameters of
the analyzed BHEs were shown. The data obtained in real conditions is valuable in the research and
development of the BHE system.

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

1. Introduction

Climate change is a major challenge for the world community. European countries
are aiming 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
target [3]. Clean and renewable energy resources are receiving increasing attention because
of 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 [4]. The design phase of ground source heat pump
systems is extremely important as many of the decisions made at this stage can affect
the energy performance of the system as well as installation and operating costs [5]. The
borehole heat exchangers (BHE) are the most commonly used devices in buildings due to
their efficiency [6]. The efficiency of a heat pump’s energy system is greatly influenced by
a low-temperature heat source. Neuberger and Adamovsky [7] presented the results of
operational monitoring, analysis and comparison of temperatures, power and energy of
antifreeze fluid in the most commonly used low-temperature heat sources. The results of
the verification indicated that it was not possible to unequivocally define the most favorable
low-temperature heat source meeting the requirements for the efficiency of the heat pump
operation. Saez Blazquez et al. [8] investigated the influence of main components on
the overall efficiency of the BHE. Regarding the heat transfer process between the soil
and the heat transfer fluid, it should be emphasized that the best results were obtained
with a spiral-shaped pipe system. Thanks to the laboratory results obtained from these
studies, it is possible to establish the optimal behavior pattern for entire vertical closed
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systems [8]. In BHE, the remainder of the borehole is filled with a filler material, called
a grout, usually made of bentonite, quartz with sand or just a water mixture [9]. Quartz
provides higher thermal conductivity of the joint, and bentonite provides sealing and
blanking properties [10]. Due to earthworks, the length of the geothermal heat exchanger
must be properly calculated. Too little will result in excessive “discharge” and lack of
time for its regeneration in the summer. Too many of them will generate unnecessary
costs [11]. Therefore, it is advantageous to calculate the lower parameters of the heat source
as accurately as possible. There are many attempts to solve this problem in an analytical
way and with the help of computer simulations [12-24], but so far there is no universal
formula. Real measurement results are required for calculations and simulations. A number
of studies [25-34] have been conducted to evaluate the performance 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. Bae et al. assessed the thermal performance of different
types of BHE pipes using the Thermal Response Test (TRT) under the same field and test
conditions, it was found that the borehole average thermal resistance could be an important
factor in TRT, but the effect of the increased thermal conductivity of the pipe material itself
was not significant [35]. BHEs are a key technological component of geothermal energy
systems, and modeling their behavior has received much attention. The main technical
challenge when designing geothermal heat exchanger systems is the ability to predict
long-term temperature trends in well groups. This inevitably requires computer models
implemented in design software or tools to simulate thermal systems [36,37]. Many studies
look for a function describing the soil temperature profile, the most popular are those
proposed by Kasuda et al., which report a sinusoidal change in soil temperature at various
depths as a function of average temperature [38]. Most analytical and numerical methods
are not always able to actually predict the temperature distribution in the ground [13].
More about the numerical methods and simulations used in the calculations of BHE and
heat transfer in the ground can be found in [2,12,39-58].

Ma et al. investigated the effect of groundwater migration on the BHE, heat exchange
between ground heat exchangers and changes in the surrounding soil from heat conduction
to the coupled mode of conduction and convection [59]. The presence of groundwater
advection can significantly increase heat transfer and accelerate the possibility of soil
restoration, as studied by Serageldin et al. [60]. Lei et al. investigated whether groundwater
flow and the interaction of underground pipe groups will affect heat transfer efficiency and
ground temperature field distribution, thus affecting the design and operation of ground
source heat pumps [58]. Numerical calculations involving well material and groundwater
flow were provided by Park et al. where the suitability of the combined model of a solid
cylindrical heat source, which so far is the most suitable for energy piles, was assessed by
performing a series of numerical analyzes [61].

The thermal response test (TRT) is a common procedure for characterizing the thermal
properties of the ground and borehole needed to design a shallow geothermal heat pump
system [62]. For this interpretation, TRT measurements must be made under defined
boundary conditions; if any of its assumptions are invalid, the interpretation will lead to an
error in the final result [8,63]. TRT is especially needed in large-scale installations, where
an improper design of a borehole heat exchanger 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 reaction of a heat exchanger to a constant, several days, heat injection
or extraction pulse. The most significant variables measured with the TRT are the heat
transfer fluid temperature 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 soil, the thermal properties of the soil can be
estimated [62]. Conventional thermal response testing (TRT), successfully implemented
in the commercial geothermal sector, involves injecting a thermal pulse into a borehole
and measuring its temperature response [63]. Badenes et. presented a comparison of the
data obtained in the first TRTs performed without the injection power control with the
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data obtained in the tests with the PID controller, which regulated the power injected in
the well [62]. Lamarche et al. investigated the borehole resistance and internal resistance
using the temperature of the bottom fluid and changing the flow rate. It was found that
the resistance depends on the assumed temperature profile along the GHE pipe and the
temperature at the bottom is very sensitive to the accuracy of temperature sensors [64].

To improve the accuracy of the TRT, Kurevija et al. introduced a procedure for
additional analysis of the temperature drop after the power test. The method is based on
the justification of the analogy between TRT and oil well testing, as the source of both
procedures is the diffusivity equation with solutions for thermal conductivity analysis or
pressure analysis during radial flow [65]. Peng et al. proposed an improved TRT (ITRT)
method for coaxial BHE as effective thermal properties of the soil cannot be obtained with
the traditional thermal response test (TRT) method for this type of BHE. The influence of the
inlet temperature and the flow rate on the heat transfer coefficient is more significant than
the influence of the backfill material, the thermal conductivity of the inner pipe and the well
depth [43]. Jensen-Page et al. investigated the TRT test of large diameter energy exchangers
(large diameter energy piles), which are a novel form of BHE heat exchangers used in
ground source heat pump systems [66]. Saez Blazquez et al. proposed an experimental
novel device that provides an inexpensive, less time-consuming and reliable approach to
measuring thermal conductivity. This approach can replace or supplement well-known but
expensive methods such as the thermal response test (TRT) [67]. A very extensive review
on TRTs of ground-coupled heat pump systems can be found in the work of Zhang et al.
covering both in situ research and mathematical models [68].

In this work, on the basis of experimental tests, the operational power of four wells
with vertical ground probes for brine-water heat pumps under real conditions was de-
termined. The theoretical power of the BHE was verified with its operating power. The
amount of thermal energy absorbed from the ground by individual BHE, the obtained
operating temperatures at the inlet and outlet of the exchanger, the annual brine flow
rate, and the average operating power of the tested wells in two heating seasons were
compared and analyzed. The aim of the work is to verify the specific soil thermal effi-
ciency indicators adopted for the design of the lower heat source, determined with the
use of the computational method and the TRT test with data obtained on the basis of
experimental tests.

2. Materials and Methods
2.1. Experimental and Measuring Site

Operational tests of selected four working BHEs, out of 52 ones, were carried out in
the north-eastern part of Poland. The analysis of the results of the operational research of
BHESs work covers the years 2018-2019.

Statistical climatic conditions from the period 1971-2000 and the parameters occurring
in 2018-2019 characterizing the studied area of BHEs locations are presented in Table 1.

A statistical measure that describes the heat demand in a building is the number
of degree-days given in Table 1, which in a given heating season determines the energy
consumption for heating buildings. The number of degree-days takes into account the
average measured monthly outdoor temperature in a given year and the number of days in
the heating season. On the basis of the calculated values of the number of degree-days, we
can compare heating seasons in individual years, as well as refer to the standard multi-year
heating season. The number of days with snow cover in 2018 was 55 days, and in 2019
47 days.
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Table 1. Characteristic climatic conditions for the area covered by the research of BHEs [69].

Average Outside Air Temperature

The Number of Degree-Days

Minimum Temperature Near the

Month [°C] [Day/K-Year] Ground [°C]

f;;tlif;iocgg 2018 2019 f;;tlif;iocgg 2018 2019 1971-2000 2018 2019
I —49 ~13 —37 709.9 598.3 672.7 —21.0 ~133 —222
11 —2.0 —45 1.8 560.0 630.0 4536 —20.7 ~186 ~10.3
111 1.7 ~12 42 505.3 595.2 4278 ~15.9 —218 —72
v 7.3 11.7 8.9 321.0 63.0 209.3 ~79 —67 -87
\% 13.2 16.7 12.9 48.0 0 0 —4.0 05 —63

VI 15.9 18.0 20.8 0 0 0 0.3 —06 5.4

VII 17.3 19.8 17.3 0 0 0 34 8.7 2.6

VIII 145 19.2 17.8 0 0 0 2.0 3.8 5.9
IX 12.1 14.6 13.0 59.0 0 35 —34 -32 -38
X 7.1 8.4 9.8 337.9 297.6 2542 -8.1 —34 —6.0
XI 1.6 3.0 5.4 492.0 450.0 378.0 ~12.3 ~12.0 —45
XII ~13 ~2.0 23 598.3 620.0 486.7 ~19.8 ~17.1 —74

2.2. Description of the Experimental Setup and Location of the Tested Wells

The wells selected for analysis with the BHEs placed inside them were marked as L1,
L2, L3 and L4, and their exact location is shown in Figure 1.

P4
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o )

77

Figure 1. View of the locations of the four BHEs selected for the study marked as L1, L2. L3 and L4,

out of 52 BHEs with an assumed power of 3.54 kW each [70].

BHESs are made of PE-Xa cross-linked polyethylene with a diameter of 40/3.7 mm,
100 m in depth, U-shaped and form the lower heat source for two brine-water heat pumps,
with a heating power of 117.2 kW and a cooling capacity of 95.9 kW each, working for
heating purposes in public utility building. The outer diameter of a single borehole
is 160 mm and it is filled with a mixture of concrete mixed with excavated material.
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The distances between BHEs are 10 m (Figure 1). The assumed design flow rate for
each well, in accordance with the design documentation [70], was 14.2 dm?3/min, with
a temperature difference in the brine circuit equal to AT = 4 °C. While the actual flows
set on the rotameters during BHEs operation are from 20 dm?/min to 32 dm3/min, and
the measured temperature difference in the brine circuit is AT = 1.4-2.9 °C, on average
AT =2 °C. The hydraulic imbalance of the brine has a significant impact on the operation
of the BHEs. The heat transferring factor is an aqueous propylene glycol solution with a
concentration of 39%, a density of 1038 kg/m? and a specific heat of 3.38 k] / (kg-K).

2.3. Measurement Methodology

Measurement of operating parameters such as: fluid temperature at the inlet T2 [°C]
and the outlet T1 [°C] from the exchanger opening, temperature difference AT, volume
flows of the flowing brine V [m?], instantaneous flow 71 ,; [m3/h], the instantaneous
power of the borehole heat exchanger P, [kW], the amount of heat energy taken from the
ground E [M]], is recorded continuously with a frequency of 5 min. Measurements on each
probe are carried out using a flow transducer type JS90-2.5-NE PoWoGaz (FM), (accuracy
1%) with a PolluTherm (HMn) microprocessor conversion system and a pair of platinum
thermoresistance PT500 temperature sensors (TS) mounted on stub pipes probes TS1 and
TS2. Individual metering of BHEs allows for the control of the correctness of the drilling
and its installation in the well, allowing the monitoring of the amount of heat taken from
the ground by each of them.

Additionally, BHEs marked L1 and L3 along its entire length were equipped with
30 digital temperature sensors DS18B20 from Dallas Semiconductor (according to the
concept of J. Piotrowska-Woroniak, G. Gajewski) [71].

The amount of thermal energy collected from the ground in 2018-2019 by each probe
was determined based on the Equation (1):

EZ[iCP‘PP‘mi'(Tli—TZi)'tiVl06 M]] 1)
i1

1

where: Cp-specific heat, [J/(kg-K)]; m ; -mass flow rate of brine, [kg's_l] ; pp-brine density
[kg/ m3]; T1; T2;-brine supply and return temperature [°C]; t;j-measurement time every
300 s, [s]; n-number of measurements in the analyzed period; i-operation time, covering
the entire heating season in 2018-2019.

The instantaneous power of the borehole was determined based on the instantaneous
flow and the instantaneous temperature difference measured every 5 min throughout the
year, from the dependence Equation (2):

Pich =Cp-pp - Mjcy - AT; gy [kKW] )

where: 11; .,—instantaneous brine mass flow rate every 5 min, [m3.s71]; AT; —recorded
temperature difference of the brine flowing through the BHE at the time of flow measure-
ment [°C].

Determination of the instantaneous BHEs power in the entire heating season in time
intervals of 5 min, made it possible to calculate the average operating daily power of a well,
and then the average monthly operating power of BHEs. Each daily series of measurements
included 283 measurement points, read every 300 s.

2.4. The Ground Profile

The study area, in which the BHEs wells are located (Figure 1), is located within
the East European Platform and is composed of metamorphic rocks (granitoids, granite-
gneisses and diabazes). The thermal properties of individual layers of the geological profile
of a 100-m borehole are presented in Table 2. The values of the ground thermal conductivity
coefficient [W/(m-K)] and volumetric heat capacity [M]/ (m3-K)] in Table 2 are given for the
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ranges of values from minimum to maximum, which characterize a given type of ground,
together with the values recommended for calculations according to [72,73].

Table 2. Lithological-stratigraphic profile of the soil with the thermal properties [72,74].

Volumetric Specific Heat

Layer Participation in : Thermal Conductivity A, [W/(m-K)]
No. Y the Structure of thl[170 41]0 8y v [MJ/(m3-K)]
Top Bottom the Ground U, Min Max Recommended Min Max Recommended

1 0Om 2m 2/100 Native soil 0.27 0.75 0.40 1.31 1.59 1.40

2 2m 4m 2/100 Clay dry 0.40 0.90 0.40 1.51 1.62 1.60
Sand and

3 4m 12m 8/100 Gravel, 0.75 0.90 0.80 1.40 1.65 1.62
saturated

4  12m  40m 28/100 Clay, 090 222 1.60 160 340 2.40
moist-wet

5 40 m 45 m 5/100 Muds 1.73 5.02 2.40 2.20 2.85 2.50

6 45m 100 m 55/100 Clay, 0.90 2.22 1.60 1.60 3.40 2.40
moist-wet

Average weighted factor 0.91 2.20 1.53 1.61 3.16 2.31

)\avg =

(Up A1 +Uz-Ap + U3z A3 +Ug-Ag +Us-As5 +Ug - Ag)

Knowing the geological profile of the ground and the quantities characterizing the soil,
presented in Table 2, the mean value of the ground thermal conductivity coefficient Agye
and the weighted average thermal capacity of the soil can be determined by calculation,
and then the unit heat capacity of the ground heat exchanger q, [W/m].

The value of the thermal conductivity coefficient of soil A;y; was determined by the
calculation method as the weighted average of the individual layers of the well, taking into
account the share of a given layer of soil in the entire structure of a 100-m well from the
Equation (3):

(U +U; +U3 +Uy +Us +Ug) W/ (m - K)] @)
where: U, is the share of a particular layer of soil in the structure of a 100 m borehole,
in accordance with Table 2 and A, is the conductivity coefficient of a given soil layer
[W/(m-K)], in accordance with Table 2.

In order to estimate the theoretical power of the well, three calculation variants
were analyzed in accordance with the geological profile of the well presented in Table 2,
assuming different assumptions. The values of the thermal conductivity of soil Aavg
adopted for further calculations are included in Table 3.

Table 3. The results of calculations of the unit thermal efficiency of the soil and the borehole power.

Variant Thermal Conductivity The Unit thermal 100 m Borehole
Aavg [W/(m-K)] Efficiency qv [W/m] Power [kW]
V1 0.91 21.8 2.18
\Y 2.20 38.6 3.86
V3 1.53 29.9 2.99
V TRT 1.76 = 0.03 35.4 3.54

The difference in the calculated values of the soil thermal conductivity coefficients
between the extreme variants V1 and V2 is approximately 69%, and between the variants
V1 and V3 approximately 31%.

The thermal conductivity of the ground was measured by the TRT test by an external
company using the TRT Comfort 2.9 Measurement Kit. The measurement time was 40 h
40 min. The value of the measured coefficient of effective thermal conductivity of the soil
was A =176 W/(m-K) £ 0.03 W/(m-K) [70]
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The results of calculating the thermal power of a 100 m borehole with BHE, when
determining A by the computational method [75] and on the basis of measurements using
the TRT test for the operating time of compressors in the heat pump up to 2000 h are
presented in Table 3.

The A value of the soil thermal conductivity coefficient measured by the TRT test
differs from the values calculated for variants 1-3, with known the geological profile of the
soil, from 16% to 38%. This shows how the lower heat sources can be designed of different
sizes depending on the adopted calculation variant and the adopted values of the thermal
conductivity coefficients of the soil for the geological profile of the well. An additional
error in determining the size of the unit’s thermal efficiency of the well may result from the
preparation of the geological profile of the well, made on the basis of samples taken of the
excavated material from the borehole during drilling.

For the design of the lower heat source for brine-water heat pumps with a heating
capacity of 234.4 kW and a cooling capacity of 182 kW installed in the Faculty of Civil
Engineering and Environmental Sciences of Bialystok University of Technology building,
the values adopted in Table 3 are marked as the V TRT variant.

3. Results and Discussion

During the experiment, the work of four wells in real conditions, marked as L1, L2, L3
and L4, was analyzed, the locations of which are shown in Figure 1. The analysis covers the
years 2018-2019. Table 4 presents the operation time of two brine-water heat pumps with a
total heating capacity of 234.5 kW from boreholes with BHE exchangers in 2018-2019.

Table 4. Operation time of brine-water heat pumps with BHEs during operation in 2018-2019.

No. Date Heat Pumps Work
1 1 January 2018-10 April 2018 duty cycle-on
2 11 April 2018-30 September 2018 duty cycle-off
3 1 October 2018-23 April 2019 duty cycle-on
4 24 April 2019-23 September 2019 duty cycle-off
5 24 September 2019-31 December 2019 duty cycle-on

The total working time of two heat pumps and the operation of BHEs in 2018 was
192 days, and in 2019 it was 212 days. The standard heating season in this area lasts 232 days.
The average daily results of measurements of the unit heat flux from the ground in the
wells marked as L1-L4 with operating BHEs in 2018-2019 are shown in Figures 2 and 3.
Calculations of the unit heat flux from the ground qy [W/m] for each day in 2018 and 2019
were performed at five-minute intervals, and then averaged over the following daily work
cycles. Each daily series of measurements includes 283 measurement points, read every
300 s.

In 2018, the average daily unit heat flux extracted from the ground by the BHEs L1-L4
in the months of January—February was in the range of 15.6-23.4 W/m, and in March in
the ranges of 11.3 W/m to 21.8 W/m. During this period, the unit heat flow extracted by
the four BHEs was close to each other. After a well regeneration period lasting 173 days,
in October-December, differences in energy consumption from the ground by individual
BHEs can be noticed in Figure 2, which ranged from 3.7 W/m to 22.9 W/m.

The lowest average daily unit heat flux was consumed by L1 BHE, maximum 18.5W /m,
while BHEs L3 and L4 absorbed maximum from the ground 22.3-22.9 W/m at the same
time. The amount of brine flowing through the BHE and the temperature difference be-
tween the temperature at the outlet and inlet to the BHE have an influence on the value of
the unit heat flux.
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qv, [W/m]

25

23.4W/m
: 226W/m BHE L1 229 W/m
20 ----BHE L2
—BHE L3
15 --BHEL4 : s
14.1W/m
10
“8.1W/m
>
Well regeneration period 173 days ©3.7W/m
0.8 W/m
0 \A_l\
Feb-18 Mar-18 Apr-18 May-18 Jun-18 Jul-18 Aug-18 Sep-18 Oct-18 Nov-18 Dec-18
Time
Figure 2. Unit daily average heat flux taken from the ground by BHEs L1-L4 in 2018.
27
5a 232W/m L
21.7 W/m - BHEL2
21 : 20.9 W/m
18 17.5 W/m —BHE L3
--BHEL4
' 14.8 W/m
12

3

0

Jan-19

Well regeneration period 153 days

Feb-19 Mar-19 Apr-19 May-19 Jun-19 Jul-19 Sep-19 Oct-19 Nov-19 Dec-19
Time

Figure 3. Unit daily average heat flux taken from the ground by BHEs L1-L4 in 2019.

In BHEs L1 and L4, the flows in November and December were very similar to each
other. In November, the brine flow through BHE L1 ranged from 0.18 m3/h to 0.91 m3/h,
on average 0.53 m®/h, and through BHE L4, ranged from 0.18 m3/h to 0.92 m3/h, on
average 0.54 m3/h. On the other hand, BHEs L1 and L4 differed in the recorded brine
temperature at the inlet and outlet of the exchanger. In BHE L1, the average temperature
difference between the inlet and outlet temperature of the exchanger in October was 1.71 °C,
and in BHE L4 it was 2.31 °C. This has a significant impact on the unit heat flux taken from
the ground by the probe, and thus on the power of the entire borehole. In November, the
average power of BHE L1 with a flow of 0.53 m3/h and AT = 2.27 °C was 1.07 kW, and of
the L4 exchanger, with the same flow, but with a greater difference in brine temperatures
AT =252 °C, was 1.38 kW. Whereas in December, the average power of BHE L1 was
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1.67 kW, with AT = 1.66 °C and average flow 0.80 m3/h, while for the L4 exchanger it was
1.97 kW, with AT =2.09 °C and average flow 0.81 m3/h.

The flows through BHEs in 2018 differed, as shown in Figure 4. The annual brine flow
through the L1 exchanger was 3069.64 m3, through L2 one was 3480.88 m3, through L3 one
was 3265.18 m3, and through L4 one was 3043.57 m?3. The difference between the BHE L4
with the lowest annual flow and the L2 one with the highest flow is 437.31 m®.

25
+19.8°C
+ B 0,
+18°C == g 2 20 5
o N 3
- ey ~ o
P \ +14.6°C -
_ “ - 15 g
- el N g
-“\\ Ay a
o8 +8.4°C 10 2
(]
=
~*
@,
5 a
L
5
0 el
-5
-10
& $ & o ¢ X X
& 2 2!
\\) \\\ Q°0° {(;0 (}‘60 (Q\o 6\\0
¥ & o & &
Time & x Q
|1V 2018 2 V2018 3V 2018
14V 2018 —e-Tair 2018 -#-T statistical 1971 - 2000

Figure 4. Brine flow through BHEs L1-L4 in 2018.

In 2019, the average daily unit heat flux from the ground by L1-L4 exchangers in
January ranged from 18.3 W/m to 23.2 W/m, in February from 11.6 W/m to 20.9 W/m,
and in March from 8 W/m to 17.5 W/m. Figure 3 shows differences in the thermal energy
consumption by individual BHEs (after the recovery period of the boreholes), despite the
fact that each of them has the same diameter of 40/3.7 mm and a length of 100 m. Average
monthly power from the well in November: for BHE L1 it was 1.37 kW, i.e., the average
unit heat flux from the ground was 13.7 W/m, for L2 one it was 1.90 kW, for L3 one it was
1.72 kW, and for L4 one it was 1.51 kW. The smallest heat flux from the ground in 2019 was
taken by the exchanger L1, and the largest by L2 one, as shown in Figure 3.

The brine flows through individual BHEs in 2019, as in 2018, differed from each other,
as shown in Figure 5. The annual brine flow through the exchanger L1 was 2866.3 m?,
through L2 one it was 3217.54 m3, through L3 one it was 3034.10 m?, and through L4 one
was 2806.06 m3. The difference between the BHE L4 with the lowest annual flow and
the L2 one with the highest flow is 411.48 m®. BHEs L1 and L4 have very similar flows,
the difference between them is about 2%, but the L1 exchanger, with a higher brine flow,
compared to the L4 one, takes less energy from the ground, which may indicate a greater
exploitation of the L1 well or incomplete filling of the well around BHE.
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Figure 5. Brine flow through BHEs L1-1.4 in 2019.

Comparing the monthly brine flows in 2018 and 2019 (Figures 4 and 5), significant
differences in the amount of fluid flowing in the individual months of the year can be seen.
In 2018, the total flow through the four BHEs in January was 2617.95 m3, in February it
was 2603.39 m3, and in December it was 2572.14 m3. As can be seen, the amount of flowing
brine is similar in 2018. The situation is different already in 2019, wherein January the
amount of brine flowing through four BHEs was 2864.71 m? in January, in February it was
2183.42 m?, and in December it was 2057.31 m3. The differentiation in the amount of brine
flowing through the BHEs in individual months and years is related to the average outside
temperature and the number of degree days in the heating season, as shown in Table 1.
2019 was warmer than 2018. The number of degree-days in the heating season in 2018
was 3254.1 day/(K-year), while in 2019 it was 2917.3 day/(K-year) and was lower than the
number of multi-year degree-days of 3631.4 day/(K-year).

Based on the conducted research, the actual thermal efficiency of the BHEs wells
turned out to be lower than expected. The specific heat flux extracted from the ground
determined on the basis of TRT tests is 35.4 W/m with compressors operating not exceeding
2000 h/year [70], both in 2018 and 2019, none of the tested BHEs achieved an average unit
capacity of a well equal to 35.4 W/m (Figures 2 and 3).

The differences in the results of thermal energy obtained from the ground by BHEs
may probably be related to the adopted method of filling the holes around the annular
space between the pipes of the ground exchanger and the well walls and the material used
to fill the well. All 52 boreholes were filled from top to bottom, without the use of an
injection pipe, with bentonite mixed with the excavated material. An inaccurately filled
hole will not achieve the expected thermal performance due to a reduction in thermal
conductivity in places where there is no filling. Thereby the effective working length of
the well is reduced [76-79]. The boreholes should be filled with a sealing compound (e.g.,
bentonite) with very good thermal conductivity, which should be forced into the well by
the bottom-up method [73], using a special pipe for injection of filling material.
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Baumann [76] performed an inspection of the annular space filling around the well
and it turned out that in 100 m of the well only less than 70 m of the bore was filled, the
remaining lower part of the bore below 70 m was not filled. This was due to the wrong way
of filling the borehole from top to bottom. Some researchers point out that the discrepancy
between the TRT test results and the measured values may be caused by groundwater

flow [78,80].
The example of the L1 probe shows the

operational parameters recorded every 5 min

in the period from 01,/01/2018 to 31/01/2018: temperature at the inlet and outlet of the
BHE, instantaneous brine flow, instantaneous heat exchanger power, which is presented in

Figure 6.
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Figure 6. BHE L1 operating parameters in January
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Based on the measurements, it can be seen that the BHE power changes with the
change of the brine flow rate and the recorded temperature at the inlet and outlet of the
working exchanger. Although the daily maximum brine mass flow rate was almost constant
from 03.01 until 21.01 and it was 0.95-0.96 m®/h, the BHE power changed significantly
due to the temperature difference between the inlet and outlet of the working exchanger.
The BHE instantaneous power was 1.57-2.43 kW. The value of the actual power obtained
from the exchanger is also influenced by the average length of the heat pump operation
cycle and the intervals between its cycles. In the second half of January 2018, one BHE
instantaneous power measurement of 3.18 kW was recorded.

Comparing the three charts with each other, it can be seen that the BHE instantaneous
power is closely related to the flow rate and the difference in brine temperatures. Any
changes in the flow and its fluctuations also change other parameters, which is visible at
the very beginning of the month (1.01-3.01) and at the end of the month (22.01-31.01).

For the remaining BHEs, analogous measurements of operating parameters were
carried out throughout 2018 and 2019, recorded every 5 min.

During the heating season, as a result of changes in the heating energy demand of
the building, the temperature of the lower heat source changed, which had an impact, as
shown in Figures 7 and 8, on the obtained operational thermal power of the wells. It was
related to the collection of heat from the ground by the working medium flowing in the
BHE during the operation of heat pumps. On the other hand, during the period when heat
pumps are shut down, an increase in brine temperature in the borehole is noticeable, it can
be seen in the above-mentioned figures. The inlet and outlet brine temperature measured
at the top of the BHE shows a strong relationship with the outside temperature. In the
period from May to August 2018, the wells began their regeneration.

Figure 7 shows the average operating monthly borehole power and the average
monthly temperatures of the measured brine at the outlet and inlet of the BHE in 2018.

The average operational power of 100 m of a well in the coldest months of 2018 was:
in January-2.09 kW in the L1 well, 2.14 kW in the L2 well, 2.11 kW in the L3 well, 2.13 kW
in the L4 well; in February, L1-2.01 kW, L2-2.03 kW, L3-1.82 kW, L4-1.85 kW; in December,
the well L1-1.67 kW, the well L2-1.99 kW, the well L3-1.99 kW, and the well 1.4-1.97 kW.

The working time of the compressors in 2018 exceeded the recommended 2000 h/year.
In 2018, the working time of the compressors in the MASTER heat pump was 3143 h, and
in the SLAVE pump 2827 h. In the first heat pump it was longer by 57%, and in the second
by 41% than the recommended compressor operation time of 2000 h/year, at which time it
was specific borehole power of 3.54 kW. With this assumption, the number of boreholes and
the size of the lower heat source were determined. 52 boreholes have been designed, 100 m
deep, each with a power of 3.54 kW. The total design power of the heat source according to
the design documentation [70] was 184 kW.

Figure 8 shows the average operating monthly borehole power and the average
monthly temperatures of the measured brine at the outlet and inlet of the BHE in 2019.

The average operational power of 100 m of a well in the coldest months of 2019 was:
January L1-2.03 kW, L2-2.12 kW, L3-2.07 kW, L4-2.06 kW; in February-well L1-1.84 kW,
well L2-1.90 kW, well L3-1.84 kW, and well 1.4-1.84 kW, in December-well L1-1.74 kW, well
L2-2.35 kW, well L3-2.03 kW, and well L4-1.79 kW. Also in 2019, the operating time of the
compressors exceeded the recommended 2000 h/year, similar to 2018. In the MASTER heat
pump, the compressor operation time in 2019 was 2831 h, and in the SLAVE one 2467 h. In
the first heat pump it was 41% longer, and in the second by 23% than the recommended
compressor operation time of 2000 h per year.
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Figure 7. The average monthly operating parameters of BHEs L1-L4 in 2018, showing the temperature measurement at the
outlet (T1) and inlet (T2) from the exchangers and their average power.

Too much load of the lower heat source causes a significant reduction of the brine
temperature in the boreholes [80]. According to the design guidelines [73], the monthly
average brine supply and return temperature should not be lower than (—1.5) °C. The
operation of the well at such a low, negative average brine temperature and continuous
consumption of thermal energy from the ground may lead to excessive cooling of the well
itself and the area around it and an increase in the frequency of freezing and thawing
cycles of the sealing material [73]. In the heating season of 2018 and 2019, the average
monthly brine temperature at the inlet and outlet of the BHE was analyzed. Based on
the recorded temperatures, it can be assumed that the wells were overexploited. In the
four tested BHEs, the average monthly brine temperature at the inlet and outlet of the
exchanger in the months from January to March in 2018 reached negative temperatures
ranging from (—0.21) °C to (—0.8) °C, with the lowest temperatures in the L2 well, and
the highest in L4 one, which may indicate uneven operation of BHEs. In April 2018, only
the L2 exchanger had a negative average brine temperature. It was similar in 2019, where
the recorded average brine temperatures in the months from January to March reached
negative temperatures ranging from 0 °C to (—0.7) °C and were also the lowest in BHE L2
and the highest in L4 one.
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Figure 8. The average monthly operating parameters of BHEs L1-L4 in 2019, showing the temperature measurement at the
outlet (T1) and inlet (T2) from the exchangers and their average power.

In the BHEs tested in 2018-2019, no average monthly brine temperature between
the inlet and the outlet from the exchanger lower than (—1.5) °C was recorded. From
18/01/2018 to 9/03/2018, the average daily temperature below (—1.5) °C was also not
recorded. The lowest daily averaged brine temperature ranged from (—1.1) °C to (—1.2) °C.

Figure 9 shows the view of three BHEs with different flows set on the rotameters,
hydraulic fine adjustment of individual geothermal probes not performed. The differen-
tiation in the flows through the probes is visible in the amount of brine flowing through
the exchangers (Figures 4 and 5), recorded brine temperatures (Figures 7 and 8), or in the
power of the wells themselves (Figures 2, 3, 7 and 8).



Energies 2021, 14, 2512

15 of 21

3.0
o L1_P_2018

2.5 + |3_P2018

a2 P2018
2.0
= |4 P 2018 :
— B a M@
= A w &
i 15 .ﬂ5-+ ﬁun &l?;/t"' (]
. a0y O o
5 s i s T
2 agl,
2 55) (u}
1.0 tau g B
s o
) .;‘?:ETEED o
= “Fo
0.5 /&mfg H
6
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

b

1 20 dm?3/min

Figure 9. View of various flows set on BHEs rotameters, the red arrows indicate the flow rate set on

the rotameter [photo author].

Figures 10 and 11 show the dependence of the borehole power on the amount of
flowing brine in the heating season in 2018-2019 in BHEs L1-L4. Research shows that
at the same mass brine flow rates, we can achieve different values of the maximum BHE
power, which is related to the difference in brine temperatures at the inlet and outlet of
individual exchangers. On the basis of the conducted research, it can be seen that not
only the amount of flowing brine is important, but also the speed at which the brine flows
through the exchanger and the brine temperature obtained in this way at the inlet and
outlet of the BHE. The temperature difference here has a significant impact on the power of

the entire BHE.
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Figure 10. Power of the BHE L1- L4 depending on the brine flow in 2018.
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Figure 11. Power of the BHE L1-L4 depending on the brine flow in 2019.

According to the assumed design requirements [70], the brine flow rate in each BHE
should be 0.852 m3 /h, with the temperature difference in the brine circuit being maintained
at AT = 4 °C. However, the actual measured temperature difference in the brine circuit
is AT =1.4 + 2.9 °C, on average AT = 2 °C. A more precise hydraulic adjustment of the
installation and an increase in the temperature difference between the supply and return of
the brine circuit would allow higher BHE outputs.

The amount of annual energy absorbed from the ground by individual BHEs along
with the annual brine flow through the exchangers is presented in Table 5. In 2018 and
2019, the lowest thermal energy was extracted from the ground by BHE L1 and the highest
by L2 one.

Table 5. Summary of energy extracted from the ground by BHEs L1-L4 along with the registered
annual brine flow through exchangers in 2018-2019.

Annual Energy Extracted from the Annual Brine Flow V [m?]

BHE Ground E [M]]
2018 2019 2018 2019
L1 — 5oy ¥ 3069.64 2866.30
L2 480. 217.54
29921 1 29839 1 348088 32175
L3 27941 27640 3265.18 3034.10
L4 27141 25790 3043.57 2806.06

The unit amount of heat extracted from the ground in real conditions in 2018 by BHEs
is: well L1-70.37 kWh/(m-year), well L2-83.12 kWh/(m-year), well L3-77.62 kWh/(m-year),
and well L4-75.40 kWh/(m-year), with a compressor operating time of 3143 h in the MAS-
TER heat pump, and 2827 h in the SLAVE heat pump. In turn, the unit amount of heat ex-
tracted from the ground in real conditions in 2019 by BHEs is: well L1-65.34 kWh/(m-year),
well L2-82.89 kWh/(m-year), well L3-76.78 kWh/(m-year), well L4-71.64 kWh/(m-year),



Energies 2021, 14, 2512

17 of 21

with a compressor operating time of 2831 h in the MASTER heat pump, and 2467 h in
the SLAVE heat pump. According to the design guidelines [72], the unit amount of heat
collected from the ground at A =1.76 W/(m-K) £ 0.03 W/(m-K) [70] and the operating
time of heat pump compressors up to 2000 h should not exceed 78 kWh/(m-year).

In the analyzed period, the unit amount of heat extracted from the ground in real
conditions did not exceed 78 kWh/(m-year), except for BHE L2, where energy consump-
tion in 2018-2019 was higher by about 6%, while the compressor operation time in both
seasons heating systems was much longer than the recommended 2000 h/year. It is a very
disturbing phenomenon during the operation of the lower heat source and may indicate
insufficient BHEs power. In this case, the longer operation time of heat pump compressors,
over 2000 h per year, increases the operation of the ground heat source and may have a
negative impact on the operation of all BHEs.

Additionally, maintaining the uneven exploitation of the wells for a longer period
of time may lead to exploitation, freezing, and, as a result, to an earlier “shutdown” of
the excessively loaded well from work. The process of ground regeneration around the
overexploited well will also differ from the others, as shown in Figures 7 and 8, and in
subsequent years may lead to its incomplete regeneration in the spring and summer period.
At the design stage, if the operating time of compressors in heat pumps is assumed to
exceed 2000 h/year, the length of the lower heat source heat exchanger increases due to the
thermal regeneration of the ground [73]. In this case, when designing the lower heat source,
the operating time of the compressors was assumed to be 2000 h/year, which turned out to
be an insufficient assumption in operating conditions.

4. Conclusions

On the basis of operational tests, the obtained results show that during their operation,
both in 2018 and 2019, the BHEs with a depth of 100 m did not reach the designated
maximum power of a single exchanger of about 3.54 kW, determined during preliminary
soil tests using the TRT test. With the assumed drilling capacity, the unit amount of heat
taken from the ground should not exceed 78 kWh/(m-year), with the compressor operation
time up to 2000 h/year.

The unit amount of heat extracted from the ground by BHEs L1-L4 in real conditions
in 2018 ranged from 70.37 kWh/(m-year) to 83.12 kWh/(m-year), and in 2019 from 65.34
kWh/(m-year) to 82.89 kWh/(m-year), but it was at the expense of longer compressor
operation time. The working time of the compressors in 2018 in the Master heat pump
was longer by 57%, and in the Slave heat pump by 41%, and in 2019 in the Master heat
pump it was 41% longer, and in the Slave by 23%, than the recommended compressor
operation time of 2000 h/year. The difference in the operation time of the compressors in
2018-2019 resulted from the different temperatures of the outside air. The average annual
measured outside temperature in 2019 was 9.2 °C and was higher than the temperature in
2018, which was 8.7 °C. Longer operation time of the compressors reduces the temperature
of the heat source.

Based on the experimental measurements, it can be seen that TRT tests should be
performed not only before the execution of the heat source, but also after its execution
at several control points, especially when the area covered by the boreholes is extensive,
as in this case. The boreholes should be checked for correctness and reliability of filling
the annular space between the pipes and the walls of the borehole. Incorrectly performed
filling may cause the BHE to fail to achieve the required thermal performance due to a
reduction in thermal conductivity in the unfilled areas, which in practice translates into
a shorter working length of the well and a lower thermal power of the well. Leaving
spaces around the exchanger may also pose a risk of water contamination in underground
aquifers. The data obtained in real conditions is valuable in the research and development
of the BHE system, in particular in simulation and numerical calculations. These tests will
contribute to the verification of the calculations of the lower heat sources in the period of
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their longer operation, it will be possible to determine the correctness of their operation in
10 or 20 years with greater probability.
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