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Abstract: The use of renewable energies, and of geothermal energy in particular, is increasingly
being applied in Germany and Europe for the development of new residential districts. The use
of geothermal borehole heat exchangers (BHE), in combination with ground-source heat pumps
(GSHP), represents an important part of shallow geothermal systems, which are used, among other
systems, in urban areas due to their small space requirements. Over the course of planning BHE
systems, performance must be determined via the parameters of thermal conductivity, thermal
capacity, undisturbed ground temperature, and borehole thermal resistance. These can be identified
by the experimental approach known as thermal response testing (TRT). The thermal parameters
change due to the influences of the seasonal temperature fluctuations that take place in the ground.
In this paper, a pilot double-U BHE heat exchanger field with a depth of 120 m was investigated from
this perspective. TRT was carried out using monthly measurements taken over the period of one year
using an electrically powered mobile TRT device. The evaluation of the individual tests was carried
out using the line-source, moving-line-source, and cylinder-source theories. Our results show that
the season in which TRT was implemented had an influence on the determined thermal parameters,
with better thermal conditions being obtained in winter months. This is especially visible for thermal
conductivity, with monthly deviations of 0.1 W/(m·K), independent of the evaluation approaches
used.

Keywords: thermal response test; thermal conductivity; heat capacity; borehole heat exchanger;
monitoring; thermal analysis; seasonal temperature influence

1. Introduction

Nowadays, thermal response testing (TRT) is one of the standard methods for de-
termining the thermal parameters of ground-source heat exchangers [1,2]. The first TRT
devices were built in the late 1990s [3,4], which is when TRT began to be carried out. In
the sector of vertical borehole heat exchangers (BHE) in particular, this test setup is widely
used [5]. The standard application for TRT is to collect data and key parameters for the
design and modeling of larger BHE fields [6]. BHEs are typically coupled to GSHPs for all
types of buildings, especially when space is limited, such as in urban areas. A variety of
low-temperature district heating and cooling systems (DHCs) are increasingly being used
in newly built neighborhoods. DHCs are evolving rapidly in the sense that different energy
sources are often combined, with BHE fields often representing a standard component [7].

Measurement methods determine the thermal properties via the response of the BHE
system to a sudden change in the input variable. During TRT, a defined thermal power,
injection, or extraction is applied to the BHE with a steady-state impulse [8]. The develop-
ment of the temperature at the inlet and outlet is measured over time. The temperatures
are very often fitted to different models to obtain analytical solutions, such as Kelvin’s
line-source theory [9,10], to calculate the key parameters for planning a geothermal system:
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thermal conductivity, heat capacity, and thermal (borehole) resistance. The line source is
mainly used because of its relatively simple and fast calculation method [11–13]. However,
many of the studies that have been carried out in recent years have shown that simple-
to-use models are not applicable to every case of BHE installation and that models can
become inaccurate due to the influence of various external influences [6,14,15]. Therefore,
we used three different models to calculate and evaluate the data obtained in the present
research. The following models were used in this study: (1) the classic infinite-line-source
(ILS) model [16]; (2) the more complex cylinder-source (ICS) model [6], which requires
a numerical solution; and (3) the moving infinite-line-source (MILS) model [14], which
includes equations to consider groundwater flow around the site.

Furthermore, borehole heat exchangers vary in terms of their layout and materials, as
well as in terms of site-restricted variables, such as sizing, lithology, and hydrology. A BHE
usually contains one or more loops or a coaxial arrangement of high-density polyethylene
or polyethylene resistant to cracks (PE-HD, PE-RC) or steel heat-exchanger pipes that are
installed in a borehole, which is usually filled with thermally optimized grout. Often,
the drillability is limited due to special hydrogeological features that influence the key
parameters and the sizing. One field of parameters that has not been mentioned yet is
the climatic effect. This includes solar radiation, precipitation and, generally, the ambient
temperature, which are all controlled by seasonal changes.

In this work, an attempt is made, through experimental tests, to show seasonal climatic
influences and to minimize other effects, such as the influence of urban heat sources and
ambient temperature on the test rig. Previous publications on the numerical derivation of
climatic influences have provided satisfying results regarding the interaction of thermal
properties [17]. The examination of this topic is important, as different authors have stated
that errors and uncertainties regarding thermal conductivity can lead to significant changes
and uncertainty in design length of BHEs [18,19]. Furthermore, projects using BHEs and
the construction of BHEs are expensive procedures. Money and labor can be saved through
precise design. We tried to deal with the problem of altered thermal values by showing
their climatic influence on borehole heat exchangers using a one-year series of monthly
thermal response tests on a pilot BHE in Bamberg, Germany. For this purpose, different
sources of potential errors in implementation and evaluation have been reviewed. Our
dataset was applied to these criteria. The assumptions that are made in this work reflect
the continental climate conditions of Bamberg and will be different in other climatic zones.

2. Materials and Methods
2.1. Test Site and Lithology

The borehole heat exchanger is located within a BHE field in Bamberg, Upper Fran-
conia, Germany (49◦54′17.0568′ ′ N, 10◦54′52.1964′ ′ E), at an elevation of 350 m above sea
level (a. s. l.). The former military site “Lagarde Campus” is being converted into a
residential complex with 600 units via a district development process. The former barracks
are supplied completely with various renewable energy sources, including very shallow
and shallow horizontal and vertical ground heat exchanger systems coupled to an energy
center. The investigated probe was drilled to a depth of 120 m below ground level (b. g. l.)
as a pilot site for a probe field with 54 probes.

The borehole is located in a lithostratigraphic Quaternary, as well as upper and middle
Keuper area [20], which stratigraphically belongs to the Norian and Rhaetian (Triassic)
periods. Gravel, sand, and silty Quaternary soils occur down to a depth of 8 m. These are
underlain by mudstones, sandstones, and isolated siltstones of Trossingen and Löwenstein
formations (upper to middle Keuper) down to a depth of 70 m b. g. l. Below are marlstones,
sandstones, and mudstones from Mainhardt formations down to a depth of 94 m b. g. l.,
as well as sandstones, siltstones, and mudstones comprising Hassberge formations down
to the bottom of the BHE at 120 m b. g. l. [20,21]. Figure 1 shows the profile of the drilled
borehole, with a focus on lithology and the construction of the probe. Groundwater was
detected during the drilling process in summer 2020 at a depth of 23 m b. g. l. In contrast,
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the hydrogeological map of Bamberg [22] showed groundwater isohypsis at the test site 9
located at 10 m b. g. l. flowing to the southwest.

Figure 1. Overview of the drilled borehole and the borehole heat exchanger (BHE); lithological units
with meters below ground level (b. g. l.) are displayed as defined by the German guideline DIN
4023 [23]; the abbreviations for stratigraphy are q: Quarternary, km: middle Keuper, kmF: Feuerletten,
kmBo: upper Burgsandstein, kmBm: middle Burgsandstein, kmBu: lower Burgsandstein, kmC:
Coburger Sandstein, kmBl: Blasensandstein; 1: Trossingen Fm. All units of middle Keuper belong
stratigraphically to the Norian and Rhaetian stages.

The BHE and all those that have already been planned are common double-U-tube heat
exchangers made of PE 100-RC (polyethylene resistant-to-cracks), with an outer diameter
of 32 mm and a wall thickness of 3 mm. The borehole was drilled to 32 m, with a diameter
of 178 mm, and to 120 m, with a diameter of 152 mm. The shank spacing is 80 mm. The
thermal conductivity of the grout is at λ = 2.40 W/(m·K). Regular water was used as a heat
carrier fluid. All of the specifications of the BHE are listed in Table 1.
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Table 1. Characteristics of the double-U borehole heat exchanger (BHE) and the mobile TRT device;
depth in meters below ground level (b. g. l.).

Pilot BHE Lagarde Campus Bamberg

Parameters

Borehole length [m] 120
Collector geometry Double-U-tube

Borehole diameter [mm] 32 m b. g. l.: 178; 120 m b. g. l.: 152
Pipe material PE 100-RC: Polyethylene resistant-to-cracks

Outer pipe diameter [mm] 32
Pipe thickness [mm] 3
Shank spacing [mm] 80

Pipe thermal conductivity [W/(m·K)] 0.40
Grouting type Fischer GeoSolid 240HS

Grouting thermal conductivity [W/(m·K)] 2.40
Heat carrier fluid Water
Mobile TRT Rag Operating Parameters

Type Accuracy

Temperature sensors PT-100 ±0.1 ◦C
Flow meters Ultrasonic ±0.1%

Data acquisition instrument Diehl IZAR Center -
Data logger D+K Microlog2 ±0.1%

Measured values Variation

Mean injected heat [W] 5380 ±100
Power of heater [kW] 6000

Average operating pressure [MPa] 0.14 ±0.01
Mean volume flow rate [m3/h] 1.35 ±0.1
Measurement time step [min] 1 -

2.2. Mobile TRT Unit

The measuring device that was used is a special customization of a conventional TRT
device built by the company Geotechnisches Umweltbüro Lehr. The device has two heating
elements with 6 kW and 3 kW of heating power, which can be coupled together or operated
separately. The heating power of the 6 kW unit can be continuously adjusted and thus
be used for different applications. The device has a main and a secondary circuit that
can be shut off via taps (Figure 2a). The built-in centrifugal pump can also provide an
adjustable flow at different power levels (see Figure 2b). Calibrated, paired sensors are used
to measure the temperature. These are additionally located inside the area in which the
flow sensors are housed to keep the measuring errors as low as possible. To determine the
subsurface temperatures, a MicroLog pressure–temperature–data logger device was used.
It calculates the BHE depth via the pressure of the water column and the pipe properties.
This serves as an accurate determination of the (undisturbed) ground temperature, in
addition to the determination via the circulation of the heat-carrier fluid [24]. Furthermore,
due to the small BHE diameter of 32 mm, temperature measurements are assumed to only
be marginally disturbed by thermal convection [25]. The TRT device, which was used by
being placed on a transport rack, is insulated by insulation mats made of natural rubber
that have a thickness of 19 mm and a maximum thermal conductivity of λ = 0.039 W/(m·K)
at 40 ◦C (see Figure 2c). The steel connection tubes to the BHE (length: 1 m) are fitted with
insulation hoses made of PE that are 13 mm in thickness and that have a maximum thermal
conductivity of λ = 0.040 W/(m·K) at 40 ◦C (see Figure 2d). Due to the insulation and an
additional weather cover, the surface temperature-related influences on the measurements
can be kept as low as possible. Table 1 shows the main specifications of the testing rig.
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Figure 2. Compact TRT device on site preparations; (a) main and secondary circuits with taps and
filler pieces; (b) components: heating devices with 6 kW and 3 kW, centrifugal pump with adjustable
flow setting options, ultra-sonic flow meter (black), temperature sensor of return pipe, and buffer
tank; (c) insulation (not visible), additional weather coverage, and insulation mats below the device;
(d) insulation hoses for steel tubes and subsurface BHE parts. Connections were insulated after photo.

2.3. Evaluation Methods

The evaluation of the gained data was mainly carried out using the programs Geologik
TRT 2.0 [26] and MATLAB R2022a. For the one-year measurement series, three different
approaches were used to evaluate and determine the thermal parameters: the infinite-
line-source, the moving-infinite-line-source theories, the cylinder-source theory, which are
explained in the following chapters. For the calculation of the three theories, certain input
parameters are required. These can be determined directly by means of the built-in sensor
technology of the TRT device or by additional measurements.

2.3.1. Borehole Thermal Resistance

The borehole thermal resistance Rb represents the thermal resistance between the fluid
in the BHE’s tubes and the borehole wall. It is a key performance characteristic of closed-
loop borehole heat exchangers [27]. Since the discovery and identification of borehole
resistance by Morgensen in 1983 [28], many methods and approaches have been published
on its determination. In this work, the following formulas are used to determine borehole
thermal resistance. Rb is calculated by Equation (2), which is obtained by transformation
from Equation (1) for mass flow rate (m) [29,30].

m =
Q
L

[
1

4πλ

(
ln

(
4α

r2
b

)
− γ

)
+ Rb

]
+ Tb (1)

Rb =
L
Q
(m− Tb)−

1
4πλ

(
ln

(
4α

r2
b

)
− γ

)
(2)

Thermal diffusivity is given by α, borehole radius and borehole wall temperature are
expressed by rb and Tb, and the Euler constant is denoted by γ. The length-related constant
heat exchange rate ql [W/m] can be calculated from the total power input Q [kW], divided
by the installation length L [m]. The power input is, in addition to the measured values,
determined by the fluid temperature (ϑ) differences between inlet and outlet (also used by
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Sakata, et al. [31]), with Cp and ρ being the specific heat capacity and the density of the
used fluid, in this case water, and the flow rate V:

Q = ρCpV(ϑin − ϑout) (3)

when determining RB, the flow rate at an operating time >12 h is used in order to ensure a
stable value [29,32]. The water change is calculated by the total volume Vol [m3] (probe
volume + device volume), divided by the flow rate V [m3/s].

2.3.2. Infinite-Line-Source Model (ILS)

Kelvin’s line-source model was already being used in around 1950 to determine the
thermal parameters of the first ground-coupled heat pumps [33,34]. The model is the most
commonly used evaluation procedure for conventional TRT in practical use. VDI 4640
sheet 5 [30] defines

∆ϑ(r, t) = QH

(
RB
2π

+
1

4πλ
Ei
(

r2

4at

))
(4)

where the temperature difference ∆ϑ is a function of radius r and time t. Ei is used for
the exponential integral, and a is used as temperature coefficient defined by thermal
conductivity divided by volumetric heat capacity.

∆ϑ(t) = QH1

(
RB
2π

+
1

4πλ
Ei
(

r2

4at

))
+

n

∑
i=2

(QHi −QHi−1)

(
RB
2π

+
1

4πλ
Ei
(

r2

4a(t− ti−1)

))
(5)

When applying the average temperature difference to the natural logarithm of time, it
results in a function with the slope k. This can be determined by simple linear regression
and used in the following equation to determine the thermal conductivity, as also stated by
VDI 4640 [30]:

k =
Q

H 4 π λ
→ λ =

Q
H 4 π k

(6)

2.3.3. Infinite-Cylinder-Source Model (ICS)

As shown by [6], evaluation of the cylinder source is a potential model for approaching
the thermal parameters of the TRT in the non-steady state and in the quasi-stationary state.
Therefore, the gained data were evaluated using the software-implemented cylinder-source
model, as shown in Equation (7) [6,26].

∆ϑ(r, t) =
QH
2π

RB +
1
λ

∞∫
√

r2
2at

e−u2

u
I0

(
u2
)

Er f
(

L
2r

u√
2

)
du

 (7)

The equation above cannot be solved analytically and was approximated numerically
by GeoLogik TRT software. Due to this, calculations can be complex and time-consuming,
especially due to the repetitive iterations.

2.3.4. Moving-Infinite-Line-Source (MILS) Model

Since the ILS only gives appropriate estimations when the BHE is under very particular
hydrogeological conditions, a third model was included. The moving-infinite-line-source
(MILS) model takes into account the flow and influence of groundwater. In addition to the
ILS model, the MILS model is used in practice, as it considers conductive and advective heat
transport [14]. If the groundwater flow around the test site has a Darcy velocity υD larger
than 10−7 m s−1, then the infinite-line-source model provides unreliable estimates of thermal
conductivity [35]. The general form for the MILS is given in Equations (8) and (9) [14].

∆T =
q

4πk
e

r cos θυT
2α

∫ ∞

r2/4αt

1
ψ

e−ψ− 1
ψ (

rυT
4α )dψ (8)
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The ψ is used as an integration variable, and θ defines the angle with the x-axis. The
velocity of effective heat transport υT is given by division of volumetric heat capacities of
the fluid, in this case water, Cw, and the ground C, together with the Darcy velocity:

υT =
Cw

C
υD (9)

The MILS model involves an integral for which no closed-form expression is known;
thus, solving this integral requires a numerical quadrature [14]. A new work by Pasquier
and Lamarche [14] further used the Hantush Well function [36], as seen in the integral
of Equation (8) and in its reprocessing [37], as well as experimental approaches [38], to
develop an analytical expression of the MILS model, as shown in Equation (10).

∆T =
qI0

(
2
√

b
)

4πλ

(
Ei
(

1
τ

)
I0

(
2
√

b
)
+ e−

1
τ

∞

∑
m=0

∞

∑
n=m+1

(−τ)m+1m!
bn

n!2

)
(10)

where I0 is the modified Bessel function of the first kind and of order 0, and τ and b are
parameters used to express the Fourier number (Fo = αt/r2; τ = 4 Fo) and the Péclet number
(Pé = rυT/α; b = (Pé/4)2) [14]. To calculate the thermal parameters, a MATLAB script was
created during a Master’s thesis [39], and this script was also applied in this work.

3. Results

Table 2 summarizes the test configuration and analysis results of the 12 TRTs. The
average measurement period was 5,508 min, with an exception in March 2021 caused by
restrictions on the construction site. The calculated thermal conductivities λ range from
2.90 W/(m·K) in March 2021 up to 3.10 W/(m·K) in February 2022, according to the line
source model, and slightly higher values are achieved for the calculation carried out using
the cylinder-source model, ranging from 2.87 to 3.13 W/(m·K). When using the MILS model,
the conductivities are lower compared to the others. In general, the calculations of the three
models show no greater deviation from each other than 0.05 W/(m·K) between ILS and ICS
and 0.09 W/(m·K) between ILS/ICS and MILS. The thermal borehole resistance displays
values from 0.12 (m·K)/W to 0.134 (m·K)/W. Data from September 2021 are included
for completeness, but are not used for further discussion, since a 35-min power outage
interrupted heating and fluid circulation. This resulted in lower thermal conductivity and
volumetric heat capacity values of λ = 2.84–2.90 W/(m·K) and CV = 0.58 MJ/(m3·K), as
well as a higher thermal borehole resistance value, RB = 0.148 (m·K)/W.

Table 2. Summary of duration and analysis results for thermal response tests using infinite-line-source
(ILS), cylinder-source (CS), and moving-infinite-line-source (MILS) models.

Measurement Duration [h] λILS [W/(m·K)] λICS [W/(m·K)] λMILS [W/(m·K)] CV [MJ/(m3·K)] RB [(m·K)/W]

March 2021 62.8 2.90 2.93 2.83 0.81 0.121
April 2021 96.7 2.98 3.00 2.93 0.86 0.124

May–June 2021 90.5 2.93 2.97 2.90 0.84 0.130
July 2021 91.8 2.91 2.93 2.92 0.83 0.132

August 2021 88.9 2.99 3.03 2.95 0.70 0.131
September 2021 1 96.1 2.84 2.88 2.90 0.58 0.148

October 2021 95.2 3.05 3.09 2.98 0.64 0.134
November 2021 99.2 3.03 3.06 2.97 0.72 0.130
December 2021 94.6 3.05 3.08 2.99 0.87 0.120

January 2022 95.6 3.05 3.06 2.97 0.9 0.124
February 2022 94.8 3.10 3.13 3.05 0.69 0.126

March 2022 95.5 3.04 3.07 2.97 0.82 0.125

1 Data from September are not valid due to an interruption in the power supply.

The undisturbed ground temperature at a depth from 20 m to 120 m b. g. l. was
measured to be between 13.04 ◦C (April 2021) and 13.46 ◦C (October 2021), with a mean
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of 13.28 ◦C. The disturbed ground temperature up to 20 m b. g. l. showed high mean
values in the summer months of 16.45–16.64 ◦C (July and August) and low values in the
winter months of 11.48–11.42 ◦C (March and February), with a mean annual temperature
of 14.50 ◦C.

To visualize the results, different thermal conductivity plots were made (see
Figure 3a–d). The graphs show the conductivity versus thermal borehole resistance, the
temperature of undisturbed and disturbed regions of the BHE, and a comparison of the
three evaluation methods: infinite line source, moving infinite line source, and cylindrical
source.

Figure 3. Main parameters of each month plotted vs. thermal conductivity λ using line source model;
(a) calculated thermal borehole resistance Rb; (b) mean measured undisturbed ground temperature; (c)
calculated thermal conductivity from line- and cylinder-source models, ILS and ICS, and volumetric
heat capacity CV; (d) mean temperature from 0 to 20 m below ground level (b. g. l.); connecting lines
do not represent collected data but are used for unambiguous visualization.

The MILS model calculations resulted in a Darcy velocity for each TRT that was
performed. The values range from 3.0 × 10−7 to 4.4 × 10−7 m/s. The deviation of
each calculated model—ILS, CS, and MILS—is displayed in Figure 4, with 0 W/(m·K)
representing the mean values, as follows: λILS = 2.99 W/(m·K), λICS = 3.01 W/(m·K), and
λMILS = 2.94 W/(m·K).
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Figure 4. Deviation of the mean thermal conductivity λ for each model, with average λ at 0 W/(m·K);
Dev: deviation; ILS: infinite line source; ICS: cylinder source; MILS: moving infinite line source;
connecting lines do not represent collected data but are used for unambiguous visualization.

4. Discussion

In order to obtain a reasonable result regarding the seasonal influence of the thermal
parameters, the following issues are reviewed in the discussion and are matched with our
newly determined dataset.

4.1. Influence of on-Site Groundwater Flow

The first important aspect to mention in further discussions is the influence of the
groundwater on the BHE. Since no monitoring wells were installed to measure ground-
water flow directly, only data calculated using the MILS model can be used. As stated
above, Darcy velocities VD ≥ 10−7 m/s lead to inaccuracies in the evaluation when ILS
is used [35]. Figure 5 shows the correlation of MILS-λ with the calculated VD. Values are
proportional, except in the months of March 2021 and February 2022, but due to the small
deviation, a rounding error in the MATLAB script cannot be excluded. By comparing the
thermal conductivity values obtained from the ILS, ICS, and MILS models, no deviation
> 0.1 W/(m·K) can be seen. Thus, the low velocities and the small differences in the thermal
conductivity indicate no or a very small influence of the groundwater flow to the BHE.
However, this has to be investigated regarding the whole heat exchanger field, especially
since even small temperature drifts can influence adjacent BHEs.

Figure 5. Correlation of thermal conductivity values λ calculated via moving-infinite-line-source
model and calculated Darcy velocities VD for groundwater flow using this very model; connecting
lines do not represent collected data but are used for unambiguous visualization.
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4.2. Influence of the Device Insulation and Ambient Air Temperature

As mentioned in Section 2, the TRT device is fitted with different forms of insulating
materials around the steel hoses and the casing (see Figure 2c,d). Even though VDI 4640-
05 [30], as well as discussions by various groups [5,10,40,41], specify the thermal sealing of
the device, the effect of ambient air temperature on the device has strong interference when
attempting to demonstrate climatic impacts on the ground using an experimental approach.
Previous works dealing with in situ TRTs [41–43] experienced this connection between fluid
temperature in the BHE and ambient air temperature. However, this disturbance by surface
temperature decreases with the depth of the borehole and with better insulation [44]. An
initial test carried out in August 2020, with the same device on the same BHE, resulted
in a thermal conductivity of λILS = 2.70 W/(m·K), showing a deviation of 0.29 W/(m·K),
although a lower undisturbed ground temperature was measured. This is due to the casing
being insufficiently insulated. As can be seen in Figure 6, the thermal conductivity behaves
in the opposite way as compared to that which was expected. While the measurements
taken in March and April 2021 match the mean outdoor temperature obtained from the
weather station in Bamberg [45], the conductivities continue to increase until February 2022.
Regarding the thermal borehole resistance, the values of 0.129 ± 0.01 (m·K)/W are in a
normal range compared to other studies [1,10,46] and, therefore, show no external input.

Figure 6. Correlation of mean ambient air temperature with (a) the thermal conductivity λ calculated
via ILS and (b) the mean disturbed ground temperature obtained at a depth of 20 m b. g. l., as
well as the mean undisturbed ground temperature obtained from 20 to 120 m b. g. l.; ambient air
temperature data from DWD (German Weather Service) weather station “282 Bamberg” at 2 m above
ground; for data source, see [45].

4.3. Climatic Effects on the Underground

A first topic to discuss regarding the site in Bamberg is the urban heat island (UHI)
effect [47–49]. This phenomenon includes the heating of underground soil and rocks, as
well as groundwater [50]. Buildings, especially those with heated basements, or sewer
systems, can heat the ground. In Bamberg, this could occur in the historic city center,
but the test area is a former military ground that has only begun to be developed into
a residential area in the last few years. In principle, there is an area of several hundred
meters around the BHE field that was not in use during the TRT period. Still, the heat
anomaly can be identified by comparing the measured values with the mean value of
the ground temperature obtained via an extensive measuring program carried out by the
former Bavarian Water Law Authority, now the Bavarian Environment Agency [51]. The
nearest monitoring well, which is located approx. 15 km outside of the urban area of
Bamberg, shows a mean groundwater temperature of 10.75 ± 2.15 ◦C. The mean values
of both the disturbed (up to 20 m b. g. l.) and undisturbed temperatures (zone below)
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are significantly higher, with values of 13.28 ± 0.24 ◦C and 14.50 ± 3.08 ◦C, respectively.
Considering this, a temperature increase due to the UHI occurs throughout the year.

A factor that has not been mentioned so far is the influence of the geothermal gradi-
ent. Other groups [11,52] have demonstrated that the standard TRT does not cover the
geothermal gradient and have even showed that, depending on the intensity of impact, the
estimation error of the main thermal parameters can exceed 10 % [15,52]. An increase in
temperature can be seen in the temperature profile measurements measured from a depth
of 80 m b. g. l. through all measurements, with values ranging from 12.95 ± 0.21 ◦C to
13.26 ± 0.22 ◦C. We interpret this as a small geothermal gradient that does not influence
the comparison of the tests. One factor that is not included in the climatic properties is the
moisture of the soil near surface, which varies with the seasons [53]. Water content and
soil properties in general, e.g., bulk density, have a commonly known influence on ther-
mal properties [54–56]. A good approach could be the long-term monitoring of moisture,
temperature, and heat flux using appropriate sensor technology at different depth levels.

By minimizing all of the possible interfering factors mentioned above, including
moisture and groundwater flow, insulation, and ambient air, and considering the UHI
effect as well as the geothermal gradient as factors that are applicable to all measurements,
a cautious step towards seasonal temperature variations can be achieved. The seasonal
changes in ground temperature are mainly driven by the absorption of solar energy into
the ground, together with decreased heat levels and increased levels between the ground
and air [57]. The correlations of interest are shown in Figure 3b,d. While the temperatures
in the subsurface down to 20 m b. g. l. decrease, the estimated conductivities rose from
summer 2021 to midwinter 2022, implying an opposing trend of thermal conductivity to
the upper lithological regime. Together with Figure 6, this relationship can be explained
by the offset caused by the thermal storage capacity of the ground. The delay is visible
as a sinusoidal wave pattern of ground temperature over time, with increasing lag being
observed in temperature change at depth [17]. This is also caused by the thermal inertia on
heat transfer in soil. Figure 4 shows the maximum deviations in thermal conductivity for
each model and confirms the numerical approaches by Jensen-Page et al. [17] regarding the
sizing of the BHE. In contrast to their numerical approaches, we can detect a change in the
thermal conductivity. Despite the small changes in λ and RB, a TRT in winter would lead
to an undersized heat exchanger due to better heat transfer conditions and vice versa in
summer. If this were applied to a shallower BHE with larger seasonal ambient temperature
variations, this effect would be even more significant.

4.4. Comparison of the Performed TRT with Previous Field Tests

The values of the determined thermal conductivities are typical for the surrounding
lithological units and Quaternary and Triassic soils [58,59]. The measurements are slightly
higher than the referential values of sandstone for the calculation of geothermal systems
defined in German VDI 4640, part 1 [60]. We chose various works describing in situ TRT
using mostly similar evaluation methods (ILS) to compare the thermal properties under
similar conditions. The data from Italy [61] (double U-BHE, 50 m in sandy–silty–clay
sediment), Korea [32] (single U-BHE, 150 m in sandy–clay sediment), Turkey [42] (single
U-BHE, 30–90 m in marl), and Japan [46] (single-U-BHE, 50 m in sandy–silty–clay sediment)
show lower thermal conductivities in a comparable environment. We could not find data
outlining the seasonal temperature influences on TRT determined by direct measurements,
but we found data showed similar results, as shown by theoretical approaches [17].

5. Conclusions

This study represents an experimental approach to determine the effects of different
influences on in situ thermal response testing. The problem and the topic of seasonal
influences should be further investigated in the scientific community. The goal of this work
was to initiate other researchers to deal with this topic. By conducting a monthly series of
measurements over the course of one year on a pilot borehole heat exchanger in Bamberg,
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Germany, a new dataset could be created, and variations in the estimated and calculated
thermal properties could be determined. To reduce commonly known interference effects,
three different analytical approaches for the evaluation of TRT have been made, including
the infinite-line-source, cylinder-source, and moving-infinite-line-source models. Our
measurements resulted in the following:

• A new dataset collected over a period of one year of TRT measurements with fixed
operating parameters was created for the temperate climate zone in Central Europe.

• The main thermal parameter λ and Rb obtained using ILS and MILS range from 2.9 to
3.1 W/(m·K), from 2.83 to 3.05 W/(m·K), and from 0.120 to 0.134 (m·K)/W.

• The ICS and ILS show similar values, and the MILS shows a small influence from
groundwater flow.

• An influence of the seasonal temperature variations is visible in the determined
parameters.

• TRT performed during the winter period displays higher thermal conductivities and
lower thermal borehole resistances.

A comparison of the models with each other shows only a minor deviation in the
moving-infinite-line-source model compared to the others, which appears to be caused by
the marginal impact of groundwater flow. By comparing the outcomes, namely, thermal
conductivity, thermal borehole resistance, and ground temperature, a correlation with the
seasonal climate is possible. This shows that conductivities are higher in the winter months
and lower in summer, leading to a possible under- or overestimation in the design of a
borehole heat exchanger field. In addition, an offset of the thermal parameters caused by
slow heat transfer in the ground is visible. The operation of TRTs in different seasons can
have an influence on planning. Various influences on temperature, e.g., the urban heat
anomaly, groundwater flow, and geothermal gradient, must always be considered, but
have only occurred to a minor extent in the area investigated.

For further research, a very good method of investigating this problem might be an
extensive analysis of enhanced TRT with distributed temperature sensing and longer mea-
surement periods. This would result in a more accurate representation of the temperature
differences within the BHE temperature profile. By deploying simultaneous measurements
along the whole length, a climatic and seasonal influence can be better detected.
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Nomenclature

Acronyms
BHE Borehole heat exchanger
ICS Infinite cylinder source
GSHP Ground-source heat pump
ILS Infinite line source
MILS Moving infinite line source
PE 100-RC Polyethylene resistance to cracks
TRT Thermal response testing
UHI Urban heat island
Variables
α Thermal diffusivity [m2/s]
γ Euler constant [-]
Cp Specific heat capacity of the fluid [J/kg·K]
∆T Temperature change [◦C]
∆T Mean temperature change [◦C]
λ Thermal conductivity [W/m·K]
ψ Integration variable [-]
ρ (Fluid) density [kg/m3]
θ Angle with x-axis [rad]
ϑin Temperature fluid input [◦C]
ϑout Temperature fluid output [◦C]
∆ϑ Temperature difference [◦C]
τ 4FO
υT heat transport velocity [m/s]
a Temperature coefficient = λ/ρ·Cp (thermal conductivity/volumetric heat capacity)
b (Pé/4)2 [-]
D Diameter [m]
Ei Exponential integral [-]
Fo Fourier number = αt/r2 [-]
Erf Gauss error function [-]
I0 Bessel differential equation, zero-order (modified) [-]
L Cylinder/BHE length [m]
m Mass flow rate [kg/s]
n Quantity of power level [-]
m Summation index (only Equation (10)) [-]
n Summation index (only Equation (10)) [-]
Pé Péclet number = rυT/α [-]
Q(l,H) heat load [W/m]
QH1 Heat output at t = 0 [W]
QHi Heat output at power level i [W]
Rb Borehole thermal resistance [K·m/W]
r Radius [m]
Tb Borehole wall temperature [◦C]
t Time [s]
u Integration variable [-]
V Flow rate [m3/s]
VD Darcy velocity [m/s]
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