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ABSTRACT

Reliable characterization of subsurface thermal properties is essential for designing efficient shallow geothermal
systems and assessing the potential of Ground Source Heat Pump and Underground Thermal Energy Storage
systems. The objective of this study is to evaluate the reliability of thermal conductivity estimations from
different approaches by comparing three in situ methods - conventional Thermal Response Test (TRT), Enhanced
Thermal Response Test (ETRT), and Distributed Thermal Response Test (DTRT) - against each other and labo-
ratory measurements on core samples. The tests were conducted in a 100 m deep borehole heat exchanger in the
Krsko Basin, Slovenia. Laboratory measurements employed needle probes and an optical Thermal Conductivity
Scanner (TCS), while in situ testing utilized fibre-optic Distributed Temperature Sensing (DTS) for high-resolution
temperature profiling. Results show that needle probe measurements consistently underestimate thermal con-
ductivity relative to TCS- and DTS-based methods, by 22% to 48%, mainly due to sample desaturation and
limited probe contact. DTS-based ETRT revealed vertical variations and groundwater-flow-influenced zones.
Cemented fibre-optic cables introduced greater uncertainty and yielded 44% higher conductivities than the ETRT
with the composite cable. TCS yielded thermal conductivities most consistent with in situ measurements while
providing a favourable balance of time, cost, and reliability of results.

List of symbols and physical quantities

TH(t) Average fluid temperature ( °C)

1. Introduction

a Thermal diffusivity (mzs_l)

C Volumetric heat capacity Im 3k

cp Specific heat capacity (Jkg K1)

AT Temperature change ( °C)

H Depth of borehole (m)

k slope of fluid temperature over the logarithm of time
A Thermal conductivity (Wm’lK’l)

Aeff Effective thermal conductivity Wm Kb

m intercept of fluid temperature over the logarithm of time
n Number of measurements

Q Total power input (kW)

Ry Borehole thermal resistance (mKW™1)

SD Standard deviation
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Thermal subsurface properties, particularly thermal conductivity (A)
and thermal diffusivity (@), play a critical role in the design, optimiza-
tion, and performance of shallow and deep geothermal systems. In
shallow applications, accurate knowledge of these parameters is crucial
for proper sizing of ground-source heat pump (GSHP) and underground
thermal energy storage (UTES) systems (Raymond, 2018). At greater
depths, information on thermal conductivity contributes to terrestrial
heat flux assessments, thereby reducing uncertainty in geothermal
exploration (Chapman et al., 2025). These properties also support the
interpretation of geophysical data and the refinement of geothermal
models (Garcia-Noval et al., 2024; Pambou et al., 2022; Arias-Penas
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et al., 2015). Thermal properties can be evaluated based on surface
samples, core samples, or by in situ tests, such as thermal response tests
(TRT).

Surface samples are easily collected and offer a cost-effective method
to determine thermal properties either in the field, with a needle-probe,
or in a laboratory with a needle probe, a transient scanner or steady-
state instruments. However, surface sediment samples difficultly pic-
ture the effect of substrate variation, in situ water saturation and
compaction (Woodside and Messmer, 1961). Sediment and bedrock
cores provide real-depth samples but increase drilling costs. Core sam-
ples better represent subsurface heterogeneity than surface samples, but
thermal properties measured do not consider fracturation or scale effect
(Li et al,, 2024; Albers et al., 2025; Rajver and Adrinek, 2023;
Rajaobelison et al., 2025).

An alternative is in situ methods applied directly in boreholes
(Chapman et al., 2025) or geoprobes (Ma et al., 2022; Hakala and
Leppaharju, 2014), such as thermal response tests (TRT). Conven-
tional TRTs are performed in borehole heat exchangers (BHE). A con-
stant heat load is injected into the U-tube and the temperature response
of the circulating fluid is monitored at the outflow (Gehlin, 2002;
Mogensen, 1983). The infinite line source (ILS) equation is typically
used to analyse the thermal response and determine the effective ther-
mal conductivity (def). The ILS equation assumes conductive heat
transfer and the singular thermal response results provide an average
value of the effective ground thermal conductivity along a given bore-
hole (Ingersoll et al., 1954). However, subsurface heterogeneity and the
influence of groundwater flow can difficultly be identified in a
convention TRT.

The conventional TRT was expanded by using fibre-optic (FO)
distributed temperature sensing (DTS) to record temperature at multiple
depths along the borehole (Hakala and Leppaharju, 2014; Acuna et al.,
2011; Acuna and Palm, 2013; Fujii et al., 2006). The FO cable was initial
installed within the U-tube (Ma et al., 2022) or can be cemented in the
borehole. This adaptation of the conventional TRT is known as distrib-
uted TRT (DTRT) and can allow to identify heterogeneity but the results
remain muted due to the fluid circulation.

Enhanced thermal response tests (ETRT) maintain the same princi-
ples, but heat is injected equally along the length of the borehole using
heating cables rather than by fluid circulation. This allows for a more
controlled and localised thermal input (Albers et al.,, 2024; Vélez
Marquez et al., 2018). In ETRTs, a composite cable (FO-copper) is
typically placed in either one side of the BHE U-loop (Radioti et al.,
2013) or is suspended in an open well (Liu et al., 2023; De Sousa
Figueira et al., 2024). The ILS equation is typically used to analyse the
DTS results from both DTRT and ETRT. Although the ILS assumes
conductive heat transfer, the high-spatial resolution thermal conduc-
tivity profiles resultant from distributed temperature data describes
stratigraphic heterogeneity and can allow for conductive and advective
heat transfer to be identified in zones with effective thermal conduc-
tivity values (Gérard et al., 2021; Nguyen et al., 2026).

The resolution and accuracy of field and lab methods are variable.
For example, needle-probe measurements are reported to underestimate
A due to poor thermal contact between the probe and the sample and
differences in sample humidity. In contrast, a thermal conductivity
scanner typically yields more stable values, thereby providing a better
representation of rock material properties. According to Zhang et al.
(2018), laboratory methods typically yield A values that are 35.6%
lower than in situ measurements because they cannot replicate advec-
tion, heterogeneous layers, and the real underground thermal regime.
This difference is confirmed by Zhang et al. (2020), who found that
ETRT and DTRT values were higher than those of the core samples
(measured with Hot Disk TPS 25008S).

Previous studies consistently showed that ETRTs and DTRTSs result in
effective thermal conductivities (1ef) that are similar to those obtained
from conventional TRT (Mohammadzadeh Bina et al., 2025; Aydin et al.,
2024). For example, De Sousa Figueira et al. (2024) reported that
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thermal conductivity from ETRT was 8% higher than from conventional
TRT in gravel and silty sand. In contrast, Vélez Marquez et al. (2018)
found the two methods yielded the same A of 1.47 £ 0.03 Wm 'K lin
limestones (Orléans, France), but the ETRT yielded a 15.45% higher
average in clay and shale (Québec, Canada). Vieira et al. (2017) likewise
observed only minor deviations (4.25% on average) between ETRT and
conventional TRT in alternating layers of sand, sandy clay, clayey sand,
and weathered rock with groundwater flow.

These findings align with the comprehensive review of advanced
TRT techniques by Wilke et al. (2020), who demonstrated that differ-
ences between enhanced and conventional TRT are typically below
10%, confirming the reliability of ETRT and DTRT as suitable alterna-
tives for determining effective thermal conductivity and highlighting
their capability to detect lithological changes and groundwater-affected
intervals that conventional TRT cannot resolve.

The objective of this research is to evaluate the difference in thermal
conductivity values obtained from core samples or in situ within a given
borehole by four needle probe sensors, a thermal conductivity scanner,
conventional TRT, DTRT, and ETRT. Notably, this includes results from
ETRT with a cemented FO cable and ETRT with suspended FO cable. The
impact of cable position was not addressed in previous research. Glob-
ally, we aimed to expand knowledge on the uncertainty of each method
applied to a grained clastic sediment environment. We anticipate the
difference between methods to be between 5 and 10%. This study also
represents the first application of DTS in Slovenia for geothermal
research, having previously being used only for dam monitoring (Humar
et al., 2022).

2. Study site
2.1. Geological setting

The study site is located on a flat agricultural terrain near the Krka
River at 152 m a.s.] in Brod v Podbogju. It is in southeastern Slovenia on
a Neogene-age structural syncline that marks the southwestern margin
of the Krsko Basin (Fig. 1c) (Ivancic et al., 2025). The uppermost
geological units consist of Quaternary calcareous and siliciclastic gravels
and sands. Beneath these, Pliocene sediments are predominantly clay
and sandy clay, with occasional gravel clasts and pebbles. These layers
overlie Upper Miocene deposits, which are fine-grained and poorly
lithified with low degrees of cementation and compaction, up to 1850 m
thick (Poljak, 2017).

Coring was performed in the Upper Miocene Drnovo Formation,
widely present in the Krsko Basin (Ivancic et al., 2024). It consists pri-
marily of well-to-poorly lithified calcareous (dolomite and calcite) silt-
stone and marl, locally containing more quartz-sand layers in the upper
parts and is up to 300 m thick. These deposits form an aquitard (Mali
et al., 2021).

The Mesozoic carbonate basement outcrops approximately 1 km
south-east in the Gorjanci Hills (1178 m a.s.l.). Based on Gosar et al.
(2005), the depth to basement rocks at the BHE site is estimated be-
tween 200 and 400 m.

2.2. Regional geothermal settings

The Krsko Basin is one of the key geothermal areas in the western
Pannonian Basin (Rman et al., 2020) and lies within a tectonically active
zone between the Dinarides and the Pannonian Basin System (Ivancic
et al., 2025). The thick covering of low-permeable sediments serves as
a thermal blanket, enabling formation of the regional Catez geothermal
aquifer in fractured and faulted Mesozoic carbonate rocks (Lapanje,
2006). Geothermal gradients in the basin vary due to the influence of
heat conduction through sedimentary layers and convective flow in
fissured basement. Geophysical surveys and a heat flow density average
of 54 mWm™2 indicate a convection-driven hydrothermal system
without magmatic influence (Rajver and Ravnik, 2003). Deep
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Fig. 1. a) Geological and technical cross-section of GCF-1/24; b) BHE tubes and FO cables; c) borehole location; d) DTRT setup; e) and f) ETRT setup.

groundwater (up to 3 km) rises along the faults to create thermal springs
at up to 64 °C (Rajver and Ravnik, 2003; Rupf et al., 2020; Verbovsek,
1988).

A second, slightly less pronounced geothermal anomaly is located
near the villages of Malence and Kostanjevica na Krki (Rajver and
Ravnik, 2003). Approximately 1.5 km west of the study site, an 800 m
deep borehole, SI-1/86, was drilled through Neogene clayey silt and
reaches Triassic dolomite at 630 m. The geothermal gradient for
Neogene sediments is 41.9 °C km ™! and the average thermal conduc-
tivity of 6 cores from 101 to 592 m depth was 1.67 W m KL, Silty
marls down to 406 m have an average 1 of 1.49 W m 'K~ ! (Rajver and
Adrinek, 2023). The heat flow density is estimated at 69 + 3 mW m2
without a paleoclimatic correction (Rajver and Ravnik, 2003).

There are two 100 m deep boreholes located approximately 2 km
west of the study site: V-8/86 in Malence, and V-7/85 in Kostanjevica na
Krki near Topli¢nik thermal spring. Borehole V-8/86 is located primarily
in Neogene clayey silt has a geothermal gradient of 54.2 °C km™. It is
used for ground-air temperature monitoring (Déedecek et al., 2013).
Borehole V-7/85 penetrates marl and clayey marl and has a geothermal
gradient of 95.2 °C km. Paleoclimate corrections were applied to both
profiles based on Haenel et al. (1988). An additional two boreholes
TG-1/12 (101 m) and PDt-1/03 (848 m) located 400 m north, and 700 m
east of the study site are located in clayey silts. The geothermal gradients
are 15.9°Ckm™! (from surface to 100 m) and 13.9 °C km! (from surface
to 396 m), respectively.

2.3. Research borehole - BHE

2.3.1. Technical design
The investigated BHE is al00-meter-deep research borehole labelled

GCF-1/24. A single U-tube from MuoviTech is installed (outer diameter
45 mm, turbocollector PE100, 1 = 0.4 W m 'K, =19 Jkg’lK’l)
with no weight attached at the bottom. The tremie pipe (outer diameter
25 mm) was used for cementing and was not removed nor tube sepa-
rators were used as this is the usual drilling practice in Slovenia. The
borehole was cemented with Portland cement UNIVERSAL from Salonit
Anhovo. The monitoring tube (outer diameter 40 mm, trapipes PE100, A
=0.38 Wm 'K 1) was closed at the bottom, and both, the U-tube and
the monitoring tube, are filled with tap water. Prior to installation, tubes
were bound together at 5 m intervals with plastic foil, protecting the FO
cables in the middle (Fig. 1b).

This is the first borehole in Slovenia that is installed with a cemented
FO cable, grouted between four pipes (Fig. 1a and 1b). The cable is
B1011A ACOLAN CLT STD ZH loose-fit tube with 4 multimode optic
fibres, 50/125 pm, OM3. Its nominal diameter is 7 mm (ACOME, n.d.). It
was installed with a total length of 200 m (100 m each way) and is bent
at the bottom without any additional elements.

2.3.2. Lithostratigraphy

The BHE penetrates Quaternary alluvial sediments to ~11 m with a
moderately permeable layer of clayey-sandy gravel from 9.0 to 10.5 m.
Below, the Drnovo Formation consists of alternating layers of sandy
marly silt, marly silt, sandy marl loam, and some pebbles (Fig. 1a). A
natural gamma ray log (Fig. 4b) was recorded using a Robertson Geo-
logging TCDS (Temperature/Conductivity/Depth/Single Point resis-
tance) probe. The log signal distinguishes between the Quaternary and
the deep Miocene sediments but is otherwise homogeneous. The
boundary is at approximately 11 m depth (Fig. 4b). The Miocene sedi-
ments extend to the base of the borehole alternating primarily between
sandy marly silt and marly silt (Section 2.1.).
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2.3.3. Hydrogeology

After drilling, the groundwater level was recorded at 3.77 m below
the surface (20,24-11-08). Two core samples (24.0 to 26.0 m and 50.0 to
52.5 m) were recovered and analysed for moisture content, porosity,
permeability, grain size distribution and thermal properties. Soil mois-
ture content of both cores was measured immediately after the core
extraction (on 20,24-11-06 and 2024-11-07) using the TEROS-10 probe
(GeoZS). The average soil moisture for samples at 25.1-25.8 m and
50.0-51.83 m was 34.4% and 30.3%, respectively. These values were
considered when interpreting KD2 Pro measurements.

Grain size, porosity, and permeability were measured on two core
sections 25.10 to 25.22 m and 50.00 to 50.19 m in the INA Industrija
nafte d.d. laboratory (Zagreb). Both samples consist of very fine silt
based on grain size distribution and have a clay content of 41.3 wt% and
71.5 wt%, respectively. However, the natural gamma activity is below
30 API in each core segment which implies a low clay content (Fig. 4b).
Investigated silts may contain non-radioactive clay minerals (e.g.,
kaolinite) with the presence of calcareous or siliceous components.
Porosity and permeability were measured on core samples with an
overburden pressure of 15 and 20 bar. The 25.10 to 25.22 m core
decreased in porosity from 35.0% to 34.1% and in intrinsic permeability
from 44.28 to 24.02 mD. The porosity and permeability of the 50.00 to
50.19 m core decreased from 37.3 to 35.3% and from 1570.51 to 497.25
mD, respectively.

2.3.4. Temperature with depth distribution

The average annual air temperature (1991 to 2020) was 10.9 °C at
the airport Cerklje ob Krki (10 km NE of the study site) (ARSO, 2025).

An initial temperature-depth (T-z) profile was measured in the
borehole using the Robertson Geologging well-log equipment, having a
spatial resolution of 1.0 cm and a temperature accuracy of 0.001 °C, one
hour after drilling and before BHE installation (2024-11-08). The
borehole was naturally filled with groundwater. After installation,
manual temperature profiles were measured using the Hydrotechnik
GmbH Level-Temperature meter type 110 (GeoZS) prior to TRTs
(2025-02-18, 2025-04-18, 2025-06-03) and after the final ETRT
(2025-06-20; Fig. 4a). Values were recorded at 1 m intervals with 15 s
stabilization periods at each depth (accuracy: 0.1 °C). After borehole
construction, a Star-Oddi centi-TD temperature sensor was installed at
the bottom of the monitoring tube and collected hourly data from
2024-11-09 to 2025-06-12 (accuracy of 0.032 °C).

Temperature data in Figs. 2 and 4 are shown below groundwater
level (3.77 m below surface). A negative geothermal gradient is present
over the first 48 m with seasonal variation from the surface to 9 m
(Fig. 4a). Between 9 and 11 m, the profile is influenced by an aquifer,
which temporarily stabilizes the temperature. From 11 to 48 m depth,
the temperature decreases gradually, indicating a low thermal conduc-
tivity. The temperature gradient stabilizes at 5.83 °Ckm ™' from 48 to
100 m. According to the centi-TD temperature sensor, the temperature
at 100 m remains constant at 12.65 (& 0.03) °C.

3. Methods
3.1. Thermal conductivity from core samples

3.1.1. KD2 pro probe used in the field

Thermal conductivity was measured using a KD2 Pro needle probe
with a total of 16 measurements on 10 core samples. The SH-1 double-
needle (Decagon Devices, Inc., 2016) was used to measure thermal
conductivity, thermal resistance (p), thermal diffusivity (@), and volu-
metric heat capacity (C) on bulk material. Measurements were per-
formed on fresh core material at depths of 25.10 m, 25.70 m, 50.00 m,
51.05 m, and 51.73 m, with a 2 min measurement time. Thermal con-
ductivity and thermal resistance were also measured at the same core
intervals using a TR-1 single-needle probe with a 5-minute measurement
time. There was a 15 min pause before the first measurement and
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Fig. 2. Temperature-depth (T-z) profiles for 12 h steps of TRTs with heating
and recovery phases.

between consecutive measurements. Thermal paste was applied to
reduce contact resistance. The SH-1 probe was inserted perpendicular to
the core axis, whereas the TR-1 probe was inserted along the core axis.

3.1.2. Thermal conductivity scanner used in the laboratory

The TCS operates with samples based on the principle of non-contact
optical scanning (Rajver and Adrinek, 2023; Popov et al., 1983). TCS
measurements were taken at GeoZS a few days after core extraction
(2024-11-11). The samples were painted with black acrylic to maximize
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absorbance during measurement. 1 and @ were measured on five seg-
ments from the upper core and nine segments from the lower core,
ranging from 8 to 22 cm long. The core samples were 11.4 cm wide and
raised by ~0.3 cm to reduce the effect of circularity; therefore circu-
larity correction was not applied.

3.1.3. TEMPOS thermal properties analyzer used in the laboratory

Thermal properties were also measured on the core sample from
51.05 to 51.17 m using the TEMPOS Thermal Properties Analyzer
(METER Group, Inc., 2018) at the Polish Geological Survey (PGI). The
sample was transported in a plastic bag and stored in a refrigerator at
PGI prior to the measurements (2025-11-25). Evaluation of 4, @, and C
was performed using the SH-3 dual-needle probe, while A and p were
determined using the TR-3 single-needle probe. The SH-3 probe was
inserted perpendicular to the core axis, while the TR-3 probe was
inserted along the core axis. Heat was applied for 30 s with the SH-3
probe and for 5 min with the TR-3 probe, followed by 1.5- and 5 min
recovery periods, respectively. There was a 15 min pause before the first
measurement and between consecutive measurements. Thermal paste
was applied between the probe and the sample surface.

3.2. Experimental setup for conventional, distributed and enhanced
thermal response tests (TRT)

No disturbances or technical interventions were carried out on either
the U-tube or the monitoring tube during the heating or recovery phases
of any TRTs. All components remained in place and undisturbed
throughout testing.

3.2.1. Conventional TRT and DTRT

A TRT device (Adrinek and Janza, 2025) was used for the conven-
tional TRT. It was connected to the U-tube on 2025-02-18. First, the
undisturbed temperature was measured with a T-z profile (Section 3.3.).
The system was then pre-heated for 1 h to stabilize the system, purge
trapped air and measure the average starting temperature at the
wellhead.

The BHE was heated for 77.3 h at 5.57 kW (55.7 W m™") with an
average water flow rate of 0.48 1 s™1. Temperature changes were
monitored using both the conventional TRT PT-1000 temperature probe
(accuracy £0.5 °C) for wellhead output and input (every minute) and
the cemented FO cable (every 10 min; Fig. 2). Thermal recovery was
then monitored without water circulation for 65 h.

During the conventional TRT, temperature was measured along the
cemented FO cable. This resulted in a DTRT with temperature mea-
surements during heating and recovery.

3.2.2. Enhanced TRT

An undisturbed temperature profile was measured as described in
Section 3.3.

The ETRT was performed from 2025-06-05 to 2025-06-12, using
both the cemented FO cable (Section 2.3) and the temporarily installed
composite heating-FO cable. It is a loose-tube, LWL-outdoor hybrid A-
DSQ(ZN)B2Y 1 x 4G50/125 + CU 4 x 0.5 mm? for outdoor use. It
consists of 4 multimode fibres and 4 copper wires, with an 11 mm
diameter. The copper wires have a 1.75 mm diameter and a resistance of
36.6 Q km'! (at 20 °C) (Voges, L.W., 2011). The copper cables were
connected in two parallel circuits. It was installed as freely hanging in
one of the U-tubes.

The Silixa XT-DTS M interrogator (Silixa Ltd., 2022) was used to
record FO temperatures. It operates on the principle of Raman-based
backscattering in multimode optical fibres; the Stokes-to-anti-Stokes
wavelength ratio is temperature-dependent (Kionowski et al., 2024),
supporting sensing ranges of up to 10 km. Three optical channels were
used. Data was sampled at 25 cm with an accuracy of 0.01 °C and spatial
resolution of ~65 cm. The data was recorded every 2 min. A
double-ended configuration was used for the composite cable, and a
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single-ended configuration was used for the cemented cable.

Dual PT-100 reference temperature probes were put in warm (~ 30
°C) and cold calibration baths (~ 0 °C). The warm bath was maintained
by an aquarium heater and ice, or ice packs, were added to the cold bath
daily. A bubbler was placed in each calibration bath to avoid
stratification.

The power supply heater (EA-PS 9040-170 3 U) (FA
Elektro-Automatik KG., n.d.) was used at an output of 140 V DC and
17.7 A with a maximum output power of 2620 W. Heat was injected for
77 h through the composite cable at an average heat injection rate of
24.67 W m, Temperature was measured during the recovery phase for
89 h.

3.3. Thermal conductivity assessment from TRT

The slope method, which is a simplification of the Infinite Line
Source (ILS) equation, was used to interpret the data. The transient ILS
equation describes one-dimensional (radial) heat transfer in the ground
caused by a heat source of infinite length.

The outcome of TRTs is a curve of the average fluid temperature over
time (Tinti et al., 2015). Based on the simplified ILS equation, the
average temperature of the heat carrier fluid (T¢(t)) increases logarith-
mically during late heat injection time (t) (VDI-Gesellschaft Energie und
Umwelt (GEU), 2020):

T¢(t) = klnt + m @

where m is the intercept of fluid temperature over the logarithm of time
(related to the undisturbed ground temperature and borehole resis-
tance), k is the slope of fluid temperature over the logarithm of time,
which is inversely proportional to the ground A.

This slope-based expression originates from the ILS formulation of
the temperature change (Vasseur and Demongodin, 1995) (Eq. (2)):

_q t
AT(t) = we“ln<t0) )

where AT(t) is the temperature increment relative to the undisturbed
ground temperature, ¢ is the linear heat input along the borehole (W
m’l), Aeff is the effective ground thermal conductivity (W m’lK’l), tis
the elapsed heating time, and to is a characteristic time constant intro-
duced to avoid the singularity at t = 0.

Eq. (2) can be rearranged to estimate the effective thermal conduc-
tivity as a function of the slope (k; Eq. (3)):

3

Aol = 3 Hk
where Q is the total power input [kW], and H is the depth [m] of the
BHE.

The assumptions of the ILS equation are the following:

e heat is solely transferred radially;

e the ground is homogeneous with uniform thermal properties;

e the thermal properties of the borehole components are not explicitly
included in the analysis, which assumes the borehole itself acts as the
heat source;

e the ground has a uniform initial temperature before the test and the
temperature remains unchanged at infinite radial distance; and

e heat is uniformly injected or extracted along the heat source (Gehlin,
2002; VDI-Gesellschaft Energie und Umwelt (GEU), 2020).

In practice, these assumptions are rarely met. However, ILS has
proven useful when:

e conductive heat transfer dominates;
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e vertical temperature variation due to geothermal gradient and sea-
sonal surface effects does not significantly influence the estimation of
4 and potentially thermal resistance of the borehole (R});

e temperature changes caused by drilling and borehole installation
have stabilized; and

e both theoretical and physical minimum time criteria are respected
(VDI-Gesellschaft Energie und Umwelt (GEU), 2020).

The conventional TRT was interpreted using the ILS model in both
the heating and recovery phases, taking into account the superposition
principle for the later. The DTRT analysis was based on the recovery
data. For DTRT and ETRT, thermal conductivities were calculated from
the slope of the recovery data between 113 h and 142 h (Fig. 2) at every
point, with 25 cm intervals (Fig. 4c).

Zones of conductive and advective heat transfer were identified
based on increased thermal conductivity values in sections where no
change in lithology was observed, either in the geological column
(Fig. 1a) or with the gamma ray log (Fig. 4b) (Vasseur and Demongodin,
1995).

4. Results
4.1. Thermal conductivity from core samples

Table 1 presents the measured thermal conductivities using dual-
needle, single-needle, and TCS on core samples. The dual-needle
methods (TEMPOS SH-3 and KD2 Pro SH-1 probes) yielded thermal
conductivity values for the exact same measuring interval (51.05-51.17
m) that differ by 0.05 W m~1K! (3.94%). The single-needle probe
measurements (TEMPOS TR-3 and KD2 Pro TR-1 probes) differed by
0.07 W m 'K! (6.6%). The average A recorded by the single- and
double-probe needle differ by 0.68%.

The mean A measured by the TCS was 1.72 W m 'K (+010W
m 'K~ 1). The 1 of deeper cores (+£0.10 W m~ K1) is more variable than
shallow cores (+ 0.02 W m 'K 1). On average, the 1 of deeper cores
(50.00 to 52.55 m) are 8.45% higher than shallow cores (24.13 to 25.8
m).

4.2. Temperature response during conventional and enhanced TRT

The temperature response along the borehole during the heating and
recovery phases were variable (Fig. 2). For example, the temperature
increased slower and recovered faster than average between 60 and 70
m (Figs. 2 and 3). However, the results were not consistent between the
cemented and suspended composite FO cables.

The cemented FO cable recorded 52% lower increase in temperature
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than the FO of the composite cable during ETRT (Fig. 3b, c). The fastest
temperature increase was observed in the composite FO cable within the
first 15 min. Afterwards, the temperature increase was governed by the
thermal properties of the water in the U-tube and later by heat transfer
in the surrounding sediments.

The heat injection rate was higher during the DTRT (55.7 Wm™})
than during the ETRT. However, the DTRT measurements showed an
average increase of 18.18 °C across the entire profile by the end of the
heating phase, which is 23% lower than that measured on the composite
cable during the ETRT. The largest relative increase from Ty and the
highest absolute temperature (40.84 °C) were observed at the ETRT
composite cable as the FO cable is in direct contact with the heat source
(copper cable).

4.3. Comparison of thermal conductivities from TRTs

The average A based on the heating and cooling phases of the con-
ventional TRT were 1.55 W m 'K~ ! and 1.86 W m ™K}, respectively.
The 4 calculated from the recovery period was 19% higher than that
from the heating period. Their joint average was 1.71 W m 'K L. Based
on A(z) profiles, five depth segments with different average 4 values were
identified: 3.77-9 m, 9-11 m, 11-60 m, 60-72 m, 72-97 m (Table 2).

Cemented FO during ETRT yielded thermal conductivity values that
were 16 to 55% higher than those obtained by DTRT, with the largest
deviation observed in the 72 to 97 m segment and the smallest in the 9 to
11 m segment. ETRT performed with cemented FO also reports consis-
tently higher values than ETRT performed with a composite cable, with
the lowest difference occurring in the 72 to 97 m segment (20.11%) and
the highest in the 3.77 to 9 m segment (26.45%). The composite cable
configuration further showed 29.45% higher values than DTRT in the 72
to 100 m interval, whereas in the 9 to 11 m segment, A was estimated
7.24% lower than the DTRT.

The lowest average A across all tests was evaluated by ETRT with the
composite cable in the 9 to 11 m segment (1.41 W m! K’l), while the
highest was obtained by ETRT with the cemented FO in the 72 to 97 m
interval (2.87 W m ! K‘l). The average A calculated from the ETRT
cemented cable (1.85 W m~'K~1) was 24% higher than from the com-
posite cable at depths between 11 and 60 m. Overall, the DTRT values
show good agreement with those from the ETRT composite cable.
However, unlike the ETRT, the DTRT does not increase from 60 m to the
base of the borehole.

DTRT and ETRT on composite cable yielded comparable values;
ETRT on composite cable was 12.33% higher, whereas ETRT on
cemented FO showed significantly higher values than on composite
cable (+22.56%) and DTRT (+37.67%). Depending on the section, the
means of both ETRT cables differ for 20.11% to 26.45% in favour of the

Table 1
Results of core thermal conductivity for various core sections and methods. A — thermal conductivity, SD — standard deviation, and n — number of measurements.
Dual-needle Single-needle TCS
Tempos SH-3 KD2 Pro SH-1 Tempos TR-3 KD2 Pro TR-1
(C;;e interval A SD n 1 SD n 2 D n p SD n 2 sD n
(Wm™ 'Kk (Wm™'K™) (Wm™'K™) (Wm™'K™) (Wm 'K
24.13 - 24.22 1.63 - 1
24.62 - 24.70 1.65 - 1
25.10 - 25.15 1.29 1 1.46 1 1.64 - 1
25.35 - 25.44 1.60 - 1
25.70 - 25.80 1.19 - 1 1.16 - 1 1.65 - 1
50.00 - 50.22 1.11 0.003 4 1.20 0.121 4 1.72 - 1
50.31 - 50.40 1.81 - 1
50.69 - 50.77 1.88 - 1
51.05-51.17 1.29 0.002 3 1.24 1 1.15 0.010 3 1.08 1 1.94 - 1
51.22 -51.33 1.75 - 1
51.73 -51.83 1.25 1 1.38 1 1.76 - 1
52.00 - 52.09 1.58 - 1
52.29 - 52.40 1.82 - 1
52.46 - 52.55 1.69 - 1
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Fig. 3. Temperature-time curves recorded at five selected depths during three test configurations: (a) DTRT with permanently cemented FO cable, (b) ETRT with

cemented FO, and (c) ETRT using a composite cable.

Table 2

Thermal conductivity distribution for all three in-situ methods, through five depth ranges, for the total length of the borehole, and segments from which core was

recovered.

DTRT: Cemented Cable ETRT: Cemented Cable ETRT: Composite Cable

BHE Depth average A SD max A average A SD max A average A SD max A
segment (m) (Wm 'K (Wm 'k (Wm K1
1 3.77-9 1.45 0.04 1.52 1.96 0.04 2.04 1.55 0.03 1.61
2 9-11 1.52 0.03 1.55 1.77 0.03 1.81 1.41 0.04 1.49
3 11-60 1.46 0.05 1.57 1.85 0.07 2.01 1.49 0.04 1.58
4 60-72 1.44 0.02 1.51 2.18 0.27 2.64 1.74 0.16 2.00
5 72-97 1.46 0.01 1.48 2.27 0.28 2.87 1.89 0.22 2.38
Total 3.77-97 1.46 0.04 1.57 2.01 0.27 2.87 1.64 0.22 2.38
Core segments 24-26; 50- 52.5 1.46 0.05 1.52 1.91 0.06 2.00 1.53 0.02 1.55

ETRT cemented FO.

An increase in thermal conductivity was observed from 60 to 72 m,
raising the absolute values for both ETRT on the composite cable
(34.22%) and on the cemented cable (42.70%), but the 1 on the latter
remains higher. Deeper, DTRT values remained within a shallower
range, while both ETRTs showed a gradual increase in thermal con-
ductivity and the highest averages.

4.4. Comparison of field and laboratory measurements

We compared results from both core sections using 10 methods
(Fig. 5). Within the core sections identified, the average 1 varies by 13%
across the TRT tests (1.71 Wm 'K™! + 0.23 Wm K™1).

The needle probe techniques (e.g., KD2 Pro and TEMPOS) yielded A
values that are 42.14% lower than those from the TCS and TRT methods.
The mean A of needle probe techniques, TCS, and all TRTs were 1.23 +
0.11 Wm'K(N = 18),1.72 + 0.10 Wm'K'! (N = 14) and 1.68 + 0.17

W mKk! (N = 18), respectively. For the KD2 TR-1 and TCS measure-
ments, values range from 1.08 to 1.46 W m"'K ! and 1.58 to 1.94 W m" 'K
1, respectively. The minimum unique A is 1.08 W m'K™! recorded with
the KD2-TR1, and the maximum A recorded is 1.99 W mK! during
ETRT (permanently cemented fibre).

5. Discussion

We hypothesised that thermal conductivities, determined by ten
different methods, on two core sections would differ by no >5 to 10%.
The thermal conductivity profile of the investigated BHE was expected
to be uniform, and silts should exhibit no or minimal groundwater flow.
In practice, the applied methodologies presented varied results.

Needle-probes (KD2 Pro, TEMPOS) consistently yielded lower ther-
mal conductivities than TCS and conventional TRT. In relation to TCS,
needle-probe results were 7.96 to 44.59% lower (33.92% on average).
When compared with the in situ TRT methods, the differences remained
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Fig. 5. The box plots represent the distribution of thermal conductivities for different methods, specifically for the core segments. The measurements on core samples
are in brown, and in-situ TRT measurements are in blue. Each box represents the interquartile range (IQR; 25th to 75th percentiles).

substantial: needle-probe values are for core segments 22.00% lower
than DTRT, 25.57% lower than ETRT with the composite cable, and
40.38% lower than ETRT with the cemented cable. The needle-probe
method likely suffered from imperfect thermal contact between the
probe tip and the sample surface due to shifting of the natural grain
arrangement when inserting the probe (Dalla Santa et al., 2020). The
core samples consisted of fine silt; therefore surface roughness is not
expected to influence results. Measurements were taken immediately
after core extraction therefore desaturation is not expected to be
responsible for this difference.

In contrast, the TCS scans a larger bulk volume and is a contactless
method of analysis. The TCS measurements yielded the highest absolute
A on the core samples (Table 1). TCS values align more closely with
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conventional TRT and remain within its standard deviation, which is
typically under 10% (Spitler and Gehlin, 2015), despite being obtained
under laboratory conditions.

In this study, the DTRT analysis assumed a continuous and constant
(uniform) heat injection rate throughout the entire depth. Applying this
assumption can result in a smooth thermal conductivity profile as local
variations in heat injection rate are not resolved. Heat injection rate in a
BHE is expected to decrease with depth (Marcotte and Pasquier, 2008).
This can explain the apparent nearly homogeneous thermal conductivity
profile along the entire 100 m BHE (Fig. 4c). The maximum-to-minimum
value spread was only about 17.26%, whereas ETRTs showed signifi-
cantly larger fluctuations with 72.58% for the composite cable and
74.42% on the cemented cable.

Temperature Profiles

Post-drilling (08-11-2024)

mid-February (18-02-2025)
mid-April (18-04-2025)
early-June (03-06-2025)
mid-June (20-06-2025)

Natural Gamma (API)

-
0 80

Thermal Conductivity Profiles
~— Distributed TRT
(cemented fibre)

~— Enhanced TRT
(cemented fibre)

-~ Enhanced TRT
(composite cable)

1.5 20

25 3.0

Natural Gamma (API) Thermal Conductivity (W m"K")

Fig. 4. a) Five temperature-depth profiles measured between 2024 Nov and 2025 June; b) Natural gamma log retrieved in November 2024; c¢) Thermal conductivity

profiles produced from DTRT and ETRT (composite cable and cemented FO).
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The ETRT, particularly with the cemented cable, also shows abrupt
temperature jumps (Fig. 3b, from 48 to 60 m). Geological reasons are
unlikely, given the lithology (Fig. la) and the natural gamma log
(Fig. 4b). We therefore interpret these anomalies as indications of local
heat-transfer irregularities or sensor limitations, most likely caused by
installation artifacts or poor thermal contact resulting from inadequate
cementing. Such artifacts introduce non-physical temperature disconti-
nuities that distort the true thermal gradient, thereby reducing the
reliability of the ETRT profile from the cemented cable and making it
difficult to distinguish genuine subsurface thermal features from
measurement-related errors (Nguyen et al., 2026).

In the core intervals (Section 4.4), different TRTs showed systematic
differences relative to laboratory measurements and among themselves.
The ETRT composite cable shows the closest agreement with TCS, being
5.77% lower in the shallow cored interval (24.00 to 26.00 m) and
14.31% lower in the 50 to 52.5 m interval. On average, the A from ETRT
with the composite cable is 11.31% lower than that from TCS results. In
comparison, the 4 from DTRT is 15.45% lower than that from the TCS.
However, the ETRT with the cemented cable yielded, on average,
11.02% higher values than TCS.

For ETRT on both composite cable and cemented FO, the segment
with the lowest 1 is from 9 to 11 m, while this segment shows the highest
A values for DTRT. As seen from the temperature profiles, which show
higher but consistent temperatures, and the natural gamma log, which
shows lower density, this segment has higher porosity, is an aquifer of
limited thickness, and has limited groundwater flow. Thermal conduc-
tivity values for DTRT might be higher because, in February, the aqui-
fer’s saturated thickness may have been greater than in June.

ETRT with a cemented cable consistently yielded the highest A esti-
mates, averaging 22.96% higher than ETRT with the composite cable.
Despite this offset, the two ETRT profiles remain strongly correlated in
vertical shape (r = 0.96), indicating that the discrepancy is largely a
uniform upward shift rather than a structural change in the subsurface
response. Over the full profile, the disagreement between the two ETRT
configurations corresponds to a moderate RMSE of 0.38 W m ™K.

The average 4 for the length of the borehole from ETRT with a
composite cable is 12.33% higher than the DTRT (RMSE: 0.29 W m™!
Kfl). However, the Pearson correlation coefficient (r = —0.05) indicates
that, despite similar values, the two depth-dependent conductivity
profiles do not exhibit a meaningful linear relationship. ETRT with the
cemented FO deviates most strongly from DTRT, yielding, on average,
37.67% higher values and showing substantially greater scattering
(RMSE ~ 0.61 Wm 'K ™).

The depth interval 11 to 60 m was chosen to determine the charac-
teristic A for each TRT equipped with the fibre-optic cable. The mean values
were 1.46 W m™~'K~! for the DTRT, 1.85 W m 'K~ for the ETRT based
on the cemented cable, and 1.49 W m K ! for the ETRT based on the
coupled cable (Table 2). ETRT composite cable and DTRT are very close
to the average value for marly silts in nearby borehole SI-1/86 (mean A
of .49 Wm 'K ! (Ma et al., 2022)) and all values fall within recorded
ranges for fine-grained sediments (~0.5 to 2.5 W m K1) (Dalla Santa
et al., 2020).

The difference between TRT results is further noted below the
compared characteristic segment. For example, there is a sharp increase
in 1 between 60 and 72 m. DTRT peaks at 65 m is modest (A =~ 1.52 W
m’lK’l), whereas ETRT-cemented peak reaches 2.64 W m 'K ! and
ETRT-composite peak 2.00 W m~'K™!. This peak is likely due to
groundwater flow within the sandy marly silt (Fig. 1a), despite regional
geology indicating groundwater flow and no indication in the gamma-
ray log (Fig. 4b) (Albers et al., 2024).

In each analysis, the recovery period was examined to ensure that the
measured values are representative of the surrounding bedrock. How-
ever, the discrepancy between DTRT or ETRT with a composite cable
and ETRT with a cemented cable in the characteristic segment suggests
that the separation between the direct heat source and the cemented
fibre-optic cable may introduce systematic errors. This may also
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contribute to the difference between peak values between 60 and 72 m,
although the notable difference between the DTRT and ETRT-composite
cable suggests other contributing factors, such as the variable heat in-
jection rate over the length of the borehole during DTRT.

Below 72 m, an almost linear increase in thermal conductivity was
observed for both ETRTs that is not observed with the DTRT assuming a
constant heat injection rate with depth. The thermal conductivity in-
crease observed with ETRT if expected true and may be a consequence of
multiple factors that influence mineral composition, compaction,
permeability, and others. The most likely cause is an increase in the
quartz ratio (A = 7.7 W mflK’l) and a decrease in the calcite (1 ~ 3.6 W
m~ K1) fraction (Horai and Simmons, 1969). This change would not
significantly affect the gamma ray log (Fig. 4b). Increased porosity could
occur in the sandy clayey silt with gravel, identified between 84-90 m,
but we assume only stored, non-flowing water (1 ~ 0.6 Wm’lK’l),
which would lead to a gradual increase in thermal conductivity, and not
an instant increase as with flowing water. The sediment compaction may
also contribute to the 1 increase (Beziat et al., 1988).

In the Krsko basin, compaction of silt and marl typically begins at
approximately 90 m. Compaction decreases porosity as quantified by
Beziat et al. (1988), who highlighted an exponential increase in satu-
rated thermal conductivity with decreasing porosity, which would not
be observed on a natural gamma ray log (Sumanovac, 2012). As we
observe a linear increase in thermal conductivity below 72 m, this could
indicate that compaction at our site, at the basin’s margin, occurs at
significantly shallower depths.

Albers et al. (2024) initially attributed a pronounced increase in 1 at
the base of an ETRT profile to groundwater advection but later
cautioned that splice artefacts or U-bends in FO could generate spurious
temperature gradients. We observe this effect in the last three meters of
the BHE, where data was discarded. This effect is not expected to extend
further along the profile.

An additional source of uncertainty stems from differences in mea-
surement accuracy. Lillo et al. (2022) evidenced that the temperature
difference between single- and double-ended configurations of the FO
cable can be as high as 2.0-2.2 °C. For the ETRT composite cable, a
double-ended configuration was used, enabling back-signal measure-
ment from both ends of the fibre-optic cable. This method significantly
reduces the influence of a weak signal and improves loss compensation,
thereby increasing the accuracy of the temperature profile. In contrast, a
single-ended configuration was used for the ETRT cemented cable,
which relies on measurements in only one direction. This approach is
more sensitive to variations in optical properties along the cable and
signal loss, which can lead to larger deviations in calibration and final
results. Therefore, differences between the two measurement types
cannot be attributed exclusively to construction characteristics; they
also reflect measurement methodology. However, our temperature dif-
ference is much higher (Fig. 3), 0.42 °C on average and should be
considered further.

Thermal conductivity also varied with the chosen interval time in-
terval to reproduce observations (Beier, 2021); differences between
methods might be smaller if we used different time intervals during the
recovery period for each technique, rather than a uniform interval across
all methods. We used 113 to 142 h as the linearity interval each test,
with In(f) used to quantify the inherent variability between methods
under uniform conditions. However, because of the higher heat injection
rate for DTRT and the different heater-sensor configuration for the ETRT
with cemented cable, it would be reasonable to use adjusted (meth-
od-specific) time intervals. The distance between the FO sensor and the
heat source, although small (2.25 cm), can cause a time shift in the
temperature response, which may affect the slope of the curve and thus
the results.

Numerical simulations of each configuration, DTRT, ETRT with
cemented cable, and ETRT with composite cable could help confirm
whether this offset is responsible for the observed differences and
quantify the magnitude of the resulting biases.
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6. Conclusion

Ten methods were applied to evaluate thermal conductivity (1) in the
field, the laboratory, and in situ, revealing systematic differences among
the approaches.

Needle-probe measurements (KD2 Pro, TEMPOS) consistently
underestimated A by 22% to 40% relative to all other methods, con-
firming their limited reliability and indicating a risk of geothermal
system oversizing if used directly.

Laboratory Thermal Conductivity Scanner (TCS) results showed
good agreement with in situ methods. TCS values were, on average,
18.03% higher than DTRT, 12.63% higher than ETRT with a composite
cable, and 9.78% lower than ETRT with a cemented cable, indicating
that TCS provides a robust approximation of subsurface thermal
conductivity.

Conventional TRT yielded average A values comparable to TCS, with
an overall difference of +1.10%, confirming that conventional TRT is
sufficient for homogeneous, fine-grained, low-permeability settings
where heat transfer is predominantly conductive.

Among distributed methods, DTRT and ETRT performed with a
composite cable showed the closest agreement, with ETRT composite
values being 10.98-12.33% higher than DTRT, demonstrating strong
consistency between these two approaches.

In contrast, ETRT conducted with a cemented fiber-optic cable pro-
duced systematically higher thermal conductivity values, exceeding
DTRT by 27.36-37.67% and ETRT composite by 22.56%, indicating
significant measurement bias likely related to sensor installation and
configuration.

Overall, TCS, conventional TRT, and ETRT using a composite cable
produced consistent thermal conductivity estimates within acceptable
uncertainty, whereas needle-probe methods and ETRT with a cemented
fiber-optic cable showed systematic deviations.

The results demonstrate that method selection and sensor configu-
ration strongly influence thermal conductivity estimates and should be
carefully considered in geothermal system design.
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