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Abstract: The use of geothermal borehole heat exchangers (BHEs) in combination with ground-source
heat pumps represents an important part of shallow geothermal energy production, which is already
used worldwide and becoming more and more important. Different measurement techniques are
available to examine a BHE field while it is in operation. In this study, a field with 54 BHEs up to a
depth of 120 m below ground level was analyzed using fiber optic cables. A distributed temperature
sensing (DTS) concept was developed by equipping several BHEs with dual-ended hybrid cables.
The individual fiber optics were collected in a distributor shaft, and multiple measurements were
carried out during active and inactive operation of the field. The field trial was carried out on a
converted, partly retrofitted, residential complex, “Lagarde Campus”, in Bamberg, Upper Franconia,
Germany. Groundwater and lithological changes are visible in the depth-resolved temperature
profiles throughout the whole BHE field.

Keywords: distributed temperature sensing; borehole heat exchanger; temperature measurement;
shallow geothermal energy; fiber optics

1. Introduction

In order to improve the efficiency of a geothermal system, it is important to understand
and monitor the thermal processes in the ground. In the case of borehole heat exchangers
(BHEs), there are various options for analyzing the underground parameters. To determine
the thermal conductivity for the planning of a BHE field, normal thermal response tests
(TRTs) are generally used on single pilot BHEs. However, these only reflect the effective
thermal conductivity of the entire BHE with one value and can be subject to errors if
the lithology is heterogeneous or different groundwater conditions occur [1–3]. Other
approaches can be laboratory tests on rocks and soil, e.g., by using a thermal conductivity
scanner [4–6], thermal property analyzers with needle probes [7] or the usage of existing
resources, e.g., [8–10], standards [11,12] or mapping tools [13,14] and tools of national
Geological Surveys. Laboratory tests can be expensive and are not possible in many cases
because sampling is not possible for reasons such as the chosen drilling method. The use of
standards and reference values entails too much uncertainty in planning and should only
be used for small systems with an output of less than 30 kW [12].

1.1. Thermal Properties

Knowledge of the undisturbed ground temperature is important for carrying out the
TRT. This is usually determined using a pressure–temperature (P-T) data logger which
is inserted into the borehole as in, e.g., [15]. The disadvantage here is that only a few
measurements can be carried out on open BHEs before they are connected to a geothermal
energy grid. In combination with the insufficient data on the effective thermal conductivity,
the use of a distributed temperature-measuring chain within the borehole is advantageous.
This method can be carried out in different ways, either with an external heating element
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and a fluid pump system together with a sensor-measuring chain system (e.g., Pt-100) [16]
or by using a combined hybrid fiber optic cable that uses integrated copper wires as a
heating source and enables in situ heating. Further innovative methods, e.g., Geowire,
Geoball or GeoSniff® (enOware, Karlsruhe, Germany), are showing promising character-
istics [17–19] but must be evaluated for each individual application. In the “Multisource”
research project [20], we opted for fiber optics and were given the opportunity to carry out
measurements using distributed temperature sensing (DTS) in an actively operated BHE.
The use of this fiber optic cable technology for temperature measurements in a geothermal
well was first carried out in the late 1980s in Hawaii [21] and was improved together with
enhanced (geo)thermal response tests (eGRTs) in various studies [22–27] to provide a good
basis for applied research.

1.2. District Heating Cooling Network of “Lagarde Campus”

The analyzed BHE field in Bamberg was fitted with hybrid fiber optic cables during the
construction and transformation stage of a former military site into a residential complex.
The examined BHE field delivers 200 kW of heating and 130 kW of cooling output and is
part of a fifth-generation district heating cooling network (5GDHC) [28]. It is connected
to further (geo)thermal systems such as a wastewater heat exchanger with 1 MW heat
source output in dry discharge, 32,000 m2 of horizontal ground heat exchangers with
1.8 MW heat source output and two further BHE fields with 40 and 20 BHEs of 120 m
length each in planning. The different systems are collected in an energy central to a
bidirectional uninsulated DHC pipe, which is laid to the residential buildings, where the
ground-source heat pumps (GSHPs) are placed. This decentralized system supplies a total
of 1200 residential units and several commercial properties.

2. Monitoring Concept
2.1. Test Site

The measurements were conducted on a BHE field in the Lagarde Campus, a for-
mer military ground which was converted into an urban residential district in Bamberg,
Upper Franconia, Germany (49◦54′17.0568′ ′ N, 10◦54′52.1964′ ′ E). The BHE field includes
54 double-U-BHEs with a depth of 120 m below ground level (b. g. l.). The heat exchangers
are made of PE-100 RC (polyethylene resistant-to-cracks) with 32 mm diameter and 3 mm
wall thickness. Boreholes are drilled with 178 mm diameter to 32 m b. g. l. and 152 mm
to 120 m b. g. l. The thermal conductivity of the grouting is 2.40 W/(m·K). The BHE
field is drilled in the lithostratigraphic area of Quaternary and middle Keuper [29,30],
which consist of sedimentary rocks, mainly sandstones, claystones and siltstones. A further
description of the in situ geology can be found in Suft and Bertermann, 2022 [31]. An
overview of the BHE field is shown in Figure 1.
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Figure 1. BHE field in Bamberg, Germany. Blue dots depict the 54 BHEs, red dots depict the BHEs 
equipped with fiber optic cables. The central red square is the distributor shaft where the BHE 
connections are brought together; base map source: OpenStreetMaps. 
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DTS device is of the type APsensing Linear Pro Series N4386B. Its main specifications are 
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was installed in the course of the “Multisource” research project [20]. Our team installed 
optical fibers directly together with the pipes on seven of the 54 BHEs during the 
construction phase of the BHEs. The cables are routed along the outside of the pipes and 
fixed to the BHEs at short intervals with adhesive tape. This guarantees a reliable 
connection and prevents damage to the cables during insertion into the borehole. 
Furthermore, it was already observed that an installation inside the BHE pipe would 
greatly increase the error in the analyses due to the influence of vertical water convection 
[32,33]. Subsequently, the boreholes were filled with typical thermally improved grouting 
(Fischer GeoSolid 240 HS, Heilsbronn, Germany). The cables were routed to a central 
distribution shaft via the connection trenches of the BHE field and spliced to pigtail 
connections there. Figure 2 shows the installation steps and setup of the fiber optic 
measurement system. Figure 3 shows the schematic configuration of the measuring 
device. The splicing works between the top of the BHEs, the connection cables and the 
pigtail connection were carried out by the company Solexperts GmbH, Karlsruhe, 
Germany. For the calibration of the measurements, the device is connected to a Pt1000-
sensor, which is inserted in a reference box in the distributor shaft together with a small 
part of the fiber optic. Both temperatures are recorded simultaneously during the 
measurement and processed with the programs AP Sensing DTS Configurator V4.1.52 
and GTC-Solexperts Pro V3.1. 

Table 1. Main specifications of the distributed temperature sensing (DTS) device and the hybrid 
fiber optic cable. 

DTS Device Parameters 
Distance measurement range 2 km 

Temperature resolution 
Single-ended 0.05 °C 

Dual-ended (loop) 1 0.04 °C 
Minimum sampling interval 0.15 m 

Figure 1. BHE field in Bamberg, Germany. Blue dots depict the 54 BHEs, red dots depict the BHEs
equipped with fiber optic cables. The central red square is the distributor shaft where the BHE
connections are brought together; base map source: OpenStreetMaps.

2.2. Distributed Temperature Sensing

The temperature measurements were carried out by using an optical fiber cable. The
DTS device is of the type APsensing Linear Pro Series N4386B. Its main specifications are
displayed in Table 1. The fiber optic cables are part of the measurement technology that was
installed in the course of the “Multisource” research project [20]. Our team installed optical
fibers directly together with the pipes on seven of the 54 BHEs during the construction
phase of the BHEs. The cables are routed along the outside of the pipes and fixed to the
BHEs at short intervals with adhesive tape. This guarantees a reliable connection and
prevents damage to the cables during insertion into the borehole. Furthermore, it was
already observed that an installation inside the BHE pipe would greatly increase the error
in the analyses due to the influence of vertical water convection [32,33]. Subsequently,
the boreholes were filled with typical thermally improved grouting (Fischer GeoSolid 240
HS, Heilsbronn, Germany). The cables were routed to a central distribution shaft via the
connection trenches of the BHE field and spliced to pigtail connections there. Figure 2 shows
the installation steps and setup of the fiber optic measurement system. Figure 3 shows the
schematic configuration of the measuring device. The splicing works between the top of the
BHEs, the connection cables and the pigtail connection were carried out by the company
Solexperts GmbH, Karlsruhe, Germany. For the calibration of the measurements, the device
is connected to a Pt1000-sensor, which is inserted in a reference box in the distributor shaft
together with a small part of the fiber optic. Both temperatures are recorded simultaneously
during the measurement and processed with the programs AP Sensing DTS Configurator
V4.1.52 and GTC-Solexperts Pro V3.1.

Table 1. Main specifications of the distributed temperature sensing (DTS) device and the hybrid fiber
optic cable.

DTS Device Parameters

Distance measurement range 2 km

Temperature resolution Single-ended 0.05 ◦C
Dual-ended (loop) 1 0.04 ◦C

Minimum sampling interval 0.15 m
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Table 1. Cont.

DTS Device Parameters

Minimum spatial resolution 0.7 m

Temperature repeatability 0.11 ◦C

Measurement time (this study) 10 s to 24 h (60 s)

Optical connector E2000 APC 8◦ angled;
50/125 µm graded index MM

Communication protocol SCPI; Modbus TCP

Power consumption 21–60 W

Optical fiber cable Parameters

Type Hybrid cable for outdoor use 2

4 multimode fibers

Diameter 11 mm ± 0.5 mm

Quantity of elements 1× Tube fiber optic, 4 CU wires
1 In this study, only dual-ended fiber optic loops were used. 2 Hybrid cable with copper wires for heating along
the cable for enhanced Geothermal Response Test (eGRT).
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Figure 2. Installation steps and setup of the fiber optic measurement system. (a) Base of the BHE 
before insertion into the borehole with attached fiber optic cable; (b) trench for the connection of the 
BHEs with the distributor shaft, where fiber optic cables are fixed with zip ties; (c) distributor shaft 
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Figure 2. Installation steps and setup of the fiber optic measurement system. (a) Base of the BHE
before insertion into the borehole with attached fiber optic cable; (b) trench for the connection of the
BHEs with the distributor shaft, where fiber optic cables are fixed with zip ties; (c) distributor shaft
on site before burying; (d) measuring boxes for fiber optic connection (left) and reference boxes for
determination of the reference temperatures (right) in the distribution shaft.
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Figure 3. Schematic illustration of the components for distributed temperature sensing, pictures
showing the inside of the distributor shaft and the above-ground measurement setup in winter
conditions; DTS: distributed temperature sensing interrogator.

3. First Results

Four measurement campaigns were carried out as part of the commenced investiga-
tions. These took place in December 2023 and in January, February and June 2024. The
maximum standard deviation of the temperature profile measurements was as follows:
December 0.078, January 0.119, February 0.172 and June 0.105. Each campaign includes
between 9 and 22 single measurements of 60 s for each borehole. The measurements in
February show the highest average deviations due to the active operation of the system.
The displayed results reflect values of each loop that are folded, except for February, where
only one BHE limb is shown due to the fluid (inlet–outlet) circulation. The vertical entry
and exit points along the pipe of each measuring chain are marked with so-called dryer
marks. These marks are made with a conventional hair dryer during the installation. The
strong heat effect of the dryer creates a deflection at this point, which can be recognized
during the measurement and helps with finding the starting point during the evaluation.
The four measurement campaigns are shown chronologically in Figure 4, where Figure 4a
is December and Figure 4d is June. During inactive use of the BHE, the temperatures
range from 10.1 ◦C in December to 14.7 ◦C in June in the undisturbed zone. In the shallow
disturbed zone (approx. 0–20 m b. g. l.), the temperature values are disturbed by seasons
and are, respectively, lower and higher. Colder seasonal temperatures were measured at
shallow depths from December to February, ranging from 5.7 ◦C to 13.2 ◦C. The influence
of geothermal gradient begins at a depth of approximately 100 m b. g. l. Temperatures
during active fluid input in February are noticeably lower throughout the entire BHE’s
length due to cold temperature inlet from the decentral heat pump DHC network from
6.7 ◦C to 10.9 ◦C.
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Figure 4. Depth-resolved temperature profiles for the seven 120 m below-ground-level (b. g. l.) BHEs.
Each line indicates one fiber optic cable. (a) December 2023, no active fluid input; (b) January 2024,
no active fluid input; (c) February 2024, active fluid input; (d) June 2024, no active fluid input.

4. Discussion
4.1. Positioning of the Fiber Optic Cable

The glass fiber that is used in this study is relatively robust due to its thicker coating
and the optional copper wires. This allows for its installation on the outside of the BHE, even
if it involves major risks. If the cable is damaged by scratches or kinks, the measurement
can become defective or even no longer executable. This is particularly difficult because
an initial test measurement to check the functionality can only be carried out once the
grouting has been filled and hardened and the cable has been spliced. The more carefully
the fiber optic cable is attached to the BHE pipes and the more shielding material, e.g.,
adhesive tape, against scratches from the borehole wall is used, the less likely it is that the
cable will be damaged. No such problems arise if the cable is used inside of the double-
U pipes, but this has other disadvantages, especially with regard to measurement data
acquisition. On the one hand, the temperatures that are measured outside the pipe are
much more sensitive to the surrounding soils and rocks [32]. We observed this phenomenon
compared to a conventional pressure–temperature (P-T) data logger (type D+K Mikrolog2:
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dimensions 110 × 16 mm; measurement resolution 0.1 mbar, 0.1 mK) [31] inserted into
the same borehole (see Figure 5). The temperature curve of the P-T logger is significantly
smoother despite a comparable accuracy of the systems. The comparison between a data
logger and the technology we use should be viewed with caution, as the cost of a DTS
system is significantly higher than that of a simple logger. In addition, the use of such a P-T
logger is usually intended for simple measurements in systems that are not in operation,
e.g., temperature–depth profiles for TRTs. While the fiber optics on the outside of the pipe
are installed permanently as they are embedded in grouting, a logger or a cable inside the
pipes can potentially be reused. Nevertheless, an installation inside the tube influences its
diameter and the flow rate enormously, which leads to faulty operation of the system. In
addition, the measurement would be affected by the vertical convection of the fluid [32,33].
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Figure 5. DTS temperature profiles of BHE 30 (S30) compared with measurements of a conventional
P-T-data logger, D+K MikroLog 2 (ML), on the same borehole.

4.2. Interpretation of the Geological Surroundings

A correlation of temperatures and the lithological sequence is visible throughout all
measured profiles. The geological situation of the BHE field is assumed to be laterally
homogenous except for very small deviations in the stratification observed during the
drilling. The geological correlation to temperature measurements at shallow depths is
not performed here due to the highly likely influence of the urban heat island (UHI)
effect [34,35]. An UHI in the underground of Bamberg is visible when compared to
ground temperatures outside the urban agglomeration. The influence on the BHE field
is insignificant considering the previously sparsely populated surroundings of the BHE
field. The underlying Norian- and Rhaetian-stage (middle Keuper) rocks are solely of a
sedimentary origin. The typical thermal conductivities range from 1.1 to 3.4 W/m·K for
clay/silt stones to 1.9–4.6 W/m·K for sandstones with slightly higher values due to the
convective contribution of groundwater flow to the heat transfer [12,36–38]. Previous TRTs
showed values of the effective thermal conductivity of 2.9–3.1 W/m·K for the displayed
BHE 30 [31]. In comparison with the stratigraphic profile of the borehole (Figure 6), a trend
in geological units of high and low thermal conductivity can be seen. Higher temperatures
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in the profiles result from a comparatively lower thermal conductivity and vice versa.
Sandstones show a lower temperature in depths from 26 to 36 m b. g. l. and from 72 to 90 m
b. g. l. In contrast, the typical clay (stone) layers (“Basisletten”) of the middle Keuper show
an increased temperature at 36 to 40 m b. g. l., 90 to 94 m b. g. l. and 105 to 109 m b. g. l.
Similar temperature observations were made in different geological units, e.g., mudstones
sands, silts and clay [27,39]. Depending on the usage of the BHE, localized stratified
differences in thermal properties can have an impact on the efficiency. Groundwater levels
are fluctuating at 9 and 23 m b. g. l. and are visible through decreasing temperatures in all
profiles, especially during active use of the BHEs in February. Temperature oscillations in
sandstones below 72 m b. g. l. are caused by interbeddings of gray clay stone layers.
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middle Keuper drilled on site; textures according to DIN 4023 [40]; GWL: groundwater level.

No significant influence of the on-site NE-SW moving groundwater flow is visible
between the BHEs in inflow and outflow (BHEs S9 and S46), which may results from a
low hydraulic gradient and low Darcy velocities of 3.3 × 10−7 to 4.4 × 10−7 m/s [31,41].
Groundwater flow improves the long-term operation conditions significantly [42], as it
influences the thermal properties of the rocks and soil through which it flows, as shown
in, e.g., [8,43,44]. In the context of BHEs, various studies showed that a DTS and eGRT
application can reliably detect and correlate permeable zones and groundwater [16,23,39].
However, the test site in this study shows only a very small impact of groundwater flow.

4.3. Comparison with Exisiting Technology and Outlook for Further Research

The distributed temperature sensing technology is a reliable source for obtaining
temperature data [16,21,23,27,45,46]. Previous studies compared DTS with a variety of
temperature sensor instruments [17,18,47]. The main advantage of DTS is the constant
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depth-resolved measurement that can be used during active heating or cooling via a
TRT/eGRT or in the operation of a GSHP. A disadvantage of the system is, depending on
the application suggested in this study, a permanent installation in the grouting of the heat
exchanger. A comparison with widely used P-T data loggers was carried out above but
is not applicable for measuring temperatures when the construction phase of the BHE is
finalized. A further benefit is the relatively good comparability of DTS systems, since the
fiber optic technology provides similar specifications. The scaling of the cable can be from
less than 1 meter up to more than 50 km, as in, e.g., [32].

Although several measurements have already been carried out, the “geothermal
playground” at the Lagarde Campus offers further investigation possibilities. Due to the
active building sites, a lot of possibilities must wait for technical solutions, such as a constant
power supply for the application of eGRT with a heat pulse control unit or the integration
of additional sensors for moisture and temperature in buildings, the energy center and
along the DHC pipes. The knowledge of the depth-resolved thermal conductivity will
give further insight into the area and will help to optimize BHE fields. We recommend the
usage of DTS technology for other applications in shallow geothermal areas. Due to its
capability of measuring temperatures simultaneously over long distances, the monitoring of
heterogeneous and complex (hydro-)geological settings is possible. By using specific values
for the thermal conductivity and borehole thermal resistance of each lithological unit, the
drilling meters, installation and operation costs can be optimized [2]. Furthermore, when
using multiple fiber optic cables on several BHEs, potential differences in the hydraulic
and thermal connection can become visible.

5. Conclusions

Our study shows an innovative approach to data collection in an active BHE field with
a monitoring system that is relatively easy to install and operate. The key measurement
parameter is temperature. Our conclusions are as follows:

• The usage of distributed temperature sensing via fiber optic cables is a good method for
determining ground temperatures independently of the progress of the construction
of the BHE field.

• Installation of the fiber optics outside of the BHEs is recommended, as this provides
more sensitive and less faulty data. The collected data reflect the surrounding borehole
and lithology much better.

• An influence of the geological units and the groundwater can be seen in the case
of the BHE field in Bamberg. Larger differences in thermal conductivity amplify
this observation.
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Nomenclature

(5G)DHC (Fifth generation) district heating cooling
BHE Borehole heat exchanger
DTS Distributed temperature sensing
eGRT Enhanced (geo)thermal response test
GWL Groundwater level
P-T Pressure–temperature
PE 100-RC Polyethylene, resistant to cracks
TRT Thermal response test
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