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Abstract: The design, energetic performance, and thermal impact of large-scale geothermal collector
systems (LSCs) are dependent on the thermal conductivity of unsaturated soils (λ). The aim of this
study was to investigate the benefits of two different λmeasurement methods using single-needle
sensor measuring devices on a laboratory scale. Since large-scale determinations are required in the
context of LSCs, the potential for deriving λ from electrical resistivity tomography measurements
(ERTs) was also examined. Using two approaches—the continuous evaporation method and the
punctual method—thermal conductivities of soil samples from Bad Nauheim (Germany) were
measured. The results were compared with averaged λ derived from three ERT sections. With
the evaporation method, significant bulk density changes were observed during the experimental
procedure, which were caused by the clay content and the use of repacked samples. The punctual
method ensures a sufficiently constant bulk density during the measurements, but only provides
a small number of measurement points. The thermal conductivities derived from ERTs show largely
minor deviations from the laboratory measurements on average. If further research confirms the
results of this study, ERTs could provide a non-invasive and unelaborate thermal exploration of the
subsurface in the context of large-scale infrastructure projects such as LSCs.

Keywords: large-scale geothermal collector system (LSC); thermal conductivity of soils; single-needle
sensor; electrical resistivity tomography (ERT); shrinkage of soils; unsaturated soil zone

1. Introduction
1.1. Large-Scale Geothermal Collector System (LSC) in Bad Nauheim (Germany)

For reaching the aims of climate policies, reducing emissions not only from power pro-
duction but also from heat supply is necessary [1]. Thereby, shallow geothermal energy is
an important component of achieving these goals. In addition to standard systems, such as
borehole heat exchangers or small-scale horizontal systems for individual residential or
industrial buildings, the focus is also shifting to a combination of fifth-generation district
heating and cooling networks with, for example, large-scale geothermal collector systems
(LSCs) [2]. LSCs are defined by an area ≥ 1000 m2, maximum source power ≥ 25 kW or
source heat extraction ≥ 50 MWh/y. Hereby, entire building sites can be provided with
heating and cooling energy. By combining LSCs and low-temperature district heating
networks, this type of heat supply can be used not only in rural regions but also in densely
inhabited areas. The district heating and cooling networks operate with low system tem-
peratures in the range of very shallow subsurface temperatures, resulting in very low heat
losses [2–4]. Furthermore, the network itself can gain up to 50% of the heat demand [2].

Such a combination is being studied in detail scientifically as part of the KNW-Opt
research project (Grant No. 03EN3020C). On this test site, which is located at Bad Nauheim
in Hesse in the centre of Germany, a two-layer LSC with a total area of 22,000 m2 was placed
beneath an agricultural area. The collectors are installed at a depth of 1.5 and 3.0 m below
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ground level (m b. g. l.). A new residential settlement is supplied via a low-temperature
district heating and cooling network.

1.2. Determination of Thermal Conductivity of Soils

Exploring the subsurface, especially its thermal properties, is necessary for several
reasons in the context of LSCs. Thermal soil parameters are crucial for the design, perfor-
mance and as input parameters for the modelling of horizontal systems [5–9]. Furthermore,
the effects of heat and cold extraction on the subsurface for water law and ecological
considerations can also be estimated more realistically. Such considerations particularly
concern the saturated zone, as thermal changes can result in hydrochemical and biological
alterations of groundwater [10–13]. Therefore, a monitoring concept can be used to ensure
the sustainable application of larger shallow geothermal systems [14,15]. Furthermore, the
unsaturated zone and its thermal properties are essential, as the groundwater temperature
down to a depth of 10 to 15 m is mainly influenced by vertical heat transport [16]. In
addition, the collectors are often located in the unsaturated zone due to the very shallow
installation depth.

The main transport mechanism for heat in the unsaturated subsurface is conduc-
tion [17]. For this reason, the geothermal potential in the context of LSCs can be described
by the thermal conductivity of soil (λ) [18]. This parameter depends on further soil proper-
ties such as water content, bulk density, soil texture and organic matter [17–20]. Based on
these correlations, several models were created to calculate λ [21–24]. Furthermore, thermal
conductivity can be measured directly, e.g., using a single-needle sensor [25–27]. However,
this can only be conducted on a laboratory scale or in situ selectively on a small scale. For
borehole heat exchangers in particular, thermal response tests (TRTs) are often used as
an in situ measurement method [28,29].

Large-scale investigations are associated with increased effort. Since large-scale con-
siderations are particularly required in the context of LSCs, an alternative determination of
thermal conductivity on a larger scale would be more expedient. One potential approach
could be non-invasive electrical resistivity tomography (ERT) and the derivation of soil
parameters over longer distances and thus larger areas.

The methodology of geoelectrical measurements has developed significantly in recent
decades and can be used to investigate the geophysical parameters on many different is-
sues [30–33]. Because the physical parameters of soil which determine thermal conductivity
are also decisive for the electrical resistivity and respective electrical conductivity (σ) in
soils [34–36], a geothermal assessment performed by using geoelectrical measurements can
be possible. Similar to thermal conductivity, σ is determined mainly by the parameters
water content, density and organic content [37–41], although water content is more decisive
as a single parameter [42]. Due to this correspondence, there are various attempts to derive
thermal conductivity from electrical conductivity [35,36,42–46]. However, a direct depen-
dency across all soil types is not present, which is why direct derivations often cannot be
applied in a generalised manner [42,47]. For this reason, Schwarz and Bertermann [42]
presented an indirect but generally applicable determination of thermal conductivity by
ERTs for unsaturated soils.

1.3. Aims of This Study

This study aims to compare measured and derived thermal conductivities in the
unsaturated soil zone of the LSC in Bad Nauheim. It is common practice to measure the
thermal conductivity in situ or on a laboratory scale, e.g., using a single-needle sensor
measuring device. Therefore, two different measurement methods on a laboratory scale are
compared using samples from Bad Nauheim to work out their benefits and disadvantages.

A large-scale determination of thermal parameters in the subsurface—as it is required
in the context of LSCs—can only be guaranteed by a very high number of measurements.
For this reason, this study also examines the potential of deriving crucial physical and
thermal soil parameters by ERTs according to Schwarz and Bertermann [42] and compares
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the derived values with actual measurement results. ERTs could be an alternative method
for performing large-scale thermal explorations of the unsaturated zone for corresponding
projects. Moreover, this approach would be non-invasive and could also be applied after
installing the LSC and refilling the collector area.

2. Materials and Methods
2.1. Test Site and Geological Conditions

Bad Nauheim is a city located at the eastern edge of the Taunus Mountain range. For
subsurface exploration and sampling from 2019 to 2021 trial pits (TP) were conducted and
boreholes (B), as well as ramming cores (RCD), were drilled. The location of the sampling
points is shown in Figure 1a.

Energies 2023, 16, x FOR PEER REVIEW 3 of 21 
 

 

thermal conductivity in situ or on a laboratory scale, e.g., using a single-needle sensor 
measuring device. Therefore, two different measurement methods on a laboratory scale 
are compared using samples from Bad Nauheim to work out their benefits and 
disadvantages. 

A large-scale determination of thermal parameters in the subsurface—as it is 
required in the context of LSCs—can only be guaranteed by a very high number of 
measurements. For this reason, this study also examines the potential of deriving crucial 
physical and thermal soil parameters by ERTs according to Schwarz and Bertermann [42] 
and compares the derived values with actual measurement results. ERTs could be an 
alternative method for performing large-scale thermal explorations of the unsaturated 
zone for corresponding projects. Moreover, this approach would be non-invasive and 
could also be applied after installing the LSC and refilling the collector area. 

2. Materials and Methods 
2.1. Test Site and Geological Conditions 

Bad Nauheim is a city located at the eastern edge of the Taunus Mountain range. For 
subsurface exploration and sampling from 2019 to 2021 trial pits (TP) were conducted and 
boreholes (B), as well as ramming cores (RCD), were drilled. The location of the sampling 
points is shown in Figure 1a. 

 
(a) 

 

 
(b) 

Figure 1. (a) Test site and location of sampling points, electrical resistivity tomography (ERT)
sections and groundwater contour lines from the groundwater level measurements on 7 April 2021
specified in meters above sea level (m a. s. l.); (b) Boreholes (B1–B6), ramming core drillholes
(RCD1-RCD4) and trial pits (TP1–TP6), thickness of their stratigraphic units in meters below ground
level (m b. g. l.) and USDA (U.S. Department of Agriculture) soil classification for predominantly
fine-grained soils based on grain size analyses. The groundwater level measured on 7 April 2021 and
for TP3 on 25 November 2020 is also shown. TP2, TP4, TP5 and TP6 were conducted in backfilled
areas, so that the stratigraphic layer structure may be disturbed, and the stratification shown above
can only be understood as rough.
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TP2 was conducted directly in the collector field and after backfilling with excavated
material. Six 10.5 m deep boreholes for groundwater monitoring wells were installed
around the LSC [14]. In addition, three more trial pits (TP4, TP5, TP6) were performed in
the range of the low-temperature district heating network 170 to 300 m northwest of the
LSC. Figure 1b shows the stratigraphic units encountered and their thickness at the various
sample points.

At the test site, quaternary loamy valley deposits and bench gravels are present in
the shallow subsurface [48]. These are overlain by topsoil and locally by agriculturally
influenced soil and anthropogenic loamy fillings, which are predominantly redeposited
or anthropogenically influenced valley deposits or similar soil types. Several grain size
analyses were performed for the exclusively fine-grained soils (Figure 1b). Towards the
gravel aquifer layer boundary, the gravel content already increases in the quaternary loam.
The underlying bench gravel is the local shallow aquifer. The groundwater flow direction
is to the northeast and east towards the river Usa. (Figure 1a). The bench gravel is followed
by a very heterogeneous layer of tertiary basalt. The basalt largely decomposed to clayey
silt with clay sections or clay known as ‘Rotlehm’ [49]. Deeper, the basalt layer gets more
permeable because of its rising hard rock characteristics.

2.2. Field and Laboratory Investigations
2.2.1. Geotechnical and Soil Scientific Investigations

For the thermal evaluation of the subsurface, various field and laboratory investi-
gations of crucial soil parameters were performed. A list is shown in Table 1. For this
purpose, the trial pits and boreholes shown in Figure 1, and samples taken from them, were
used. Water content determinations were performed in boreholes B2 to B6 and in TP2 to
TP6, density determinations in TP1 to TP6. In addition, bulk density and water content
measurements were conducted on the topsoil and the very near-surface valley deposits at
eight locations in the range of the LSC or the immediate vicinity.

Table 1. Conducted field and laboratory investigations of soils and soil samples in the unsaturated
zone in the range of the large-scale geothermal collector system (LSC) and the near low-temperature
district heating and cooling network.

Parameter Number of Tests Method

dry bulk density (ρb) 36
undisturbed sampling with stabbing
cylinders and oven drying based on

DIN EN ISO 11272 [50]

gravimetric water content (ω) 57 sampling and oven drying based on
DIN EN ISO 17892-1 [51]

Atterberg limits and plasticity index 5

plastic limit (ωP), liquid limit (ωL) and
plasticity index (IP) according to DIN
EN ISO 17892-12 [52] and shrinkage
limit (ωS) according to Krabbe [53]

The trial pits were opened to a maximum of 3.4 m b. g. l., so undisturbed sampling
was not possible at a deeper level. For the large-scale determination of the bulk density (ρb)
for the depths 0.5 to 3.5 m b. g. l. in 0.5 m intervals, the average value was calculated using
measured values in the range ±0.5 m from the corresponding depth. Due to the similar soil
types and stratigraphic units, the results of the more distant TP4, TP5 and TP6 were also
considered for a large-scale approach, which includes the low-temperature district heating
network. For the depths 4.0 m to 5.0 m b. g. l., the average value calculated for 3.5 m b. g. l.
was also simplified assumed. However, this only applies to the areas of the test site where
unsaturated quaternary loam is still present at this depth and not the coarse bench gravel.

In accordance with the procedure for ρb, the average value of the gravimetric water
content (ω) was calculated for the depth steps between 0.5 and 5.0 m b. g. l.
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The average depth-dependent values of ρb andωwere used to calculate the volumetric
water content (θ) considering the density of water (ρw) as follows:

θ = (ω ·ρb)/ρw (1)

2.2.2. Thermal Conductivity Measurements on a Laboratory Scale

To determine the thermal conductivity of soils in the unsaturated zone on a laboratory
scale, two methods were used. The procedures and the measuring devices for these two
methods are described in Table 2 and schematic in Figure 2. The evaporation method is
based on the procedure described by Markert et al. [27].

Table 2. Measurement devices and approaches for thermal conductivity (λ) measurements with
single-needle sensors on fine-grained, repacked soil samples. Thermal properties analyzer KD2Pro
by Decagon Devices, Inc. and Tempos by METER Group, Inc.

Method Thermal Properties
Analyzer Single-Needle Accuracy Measuring

Interval Preparation/Experimental Procedure

Evaporation KD2 Pro
Tempos

TR-1 (10 cm);
TR-3 (10 cm)

±10% from
0.2–4.0 W/(m·K);

±10% from
0.1–4.0 W/(m·K)

15 min-days

• Installation of oven dried and mortared soil
sample in measuring cylinder

• Capillary saturation
• Continuous or temporary measurement of λ

with decreasing water content due to
evaporation [27]

• Additional measurement after oven drying

Punctual Tempos TR-3 (10 cm) ±10% from
0.1–4.0 W/(m·K) -

• Installation of mortared soil samples in
measuring cylinder at two selected medium
water contents (ω1 andω2)

• Measurement of λ atω1 andω2
• Additional measurements after oven drying

(ωdry) and capillary saturation (ωsat)
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Figure 2. Schematic illustration of the procedure for thermal conductivity (λ) measurements ex-
plained in Table 2 with (a) evaporation method based on Markert et al. [27] and (b) punctual method 
with measurement of λ at four selected gravimetric water contents (ω): medium water contents (ω1 
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The selection of the water contents ω1 and ω2 was based on the results of the evaporation method. 

Figure 2. Schematic illustration of the procedure for thermal conductivity (λ) measurements explained
in Table 2 with (a) evaporation method based on Markert et al. [27] and (b) punctual method with
measurement of λ at four selected gravimetric water contents (ω): medium water contents (ω1 and
ω2), water content after oven drying (ωdry) and water content after capillary saturation (ωsat). The
selection of the water contentsω1 andω2 was based on the results of the evaporation method.

The dimensions of the used single-needle TR-1 and TR-3 sensors comply with the
specifications according to IEEE Std 442-1981 [54] and ASTM D5334 [55]. The volumes of
measuring cylinders were 397 cm3 and 944 cm3. After oven drying (65 ◦C), the measure-
ments were performed after the samples had cooled down to room temperature. For each
measurement, the weight and water content of the sample was recorded.

Each measurement at a certain water content of the punctual method is an average
of three measured values, which deviate from each other by a maximum of 0.1 W/(m·K).
In the case of sample TP4 0.6 m b. g. l, only two values were used for the measurement
atωsat.
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In addition, changes of ρb for selected measurements with the evaporation method
were documented, since swelling and shrinkage of the samples were observed.

A list of the samples and sample configurations on which thermal conductivity mea-
surements were performed is shown in Table 3.

Table 3. Soil samples, with sampling depth in meters below ground level (m b. g. l.) and USDA
(U.S. Department of Agriculture) soil classification, on which thermal conductivity measurements
were performed. In addition, the bulk density (ρb_ini) with which the soil sample was initially
installed in the measuring cylinder is shown. By installing the sample twice with the punctual
method, ρb_ini can also differ slightly within the test.

Sampling Point Depth
[m b. g. l.] Stratigraphic Unit USDA Evaporation

Method
Punctual
Method

ρb_ini
[g/cm3]

B2 4.0–4.6 Quaternary valley deposits Silty clay loam 3 3 1.48; 1.45; 1.46

B4 8.0–9.0 Tertiary basalt (Rotlehm) Clay 7 3 1.27; 1.38

B5 6.2–6.9 Tertiary basalt (decomposed) Silt loam 7 3 1.43; 1.46

TP1

0.2 Topsoil Silt loam 3 7 1.57

1.4–1.9 Quaternary valley deposits Silty clay loam 3 7 1.39

2.4 Quaternary valley deposits Silt loam 3 7 1.47

2.9–3.4 Quaternary valley deposits Silt loam 3 7 1.50

TP2

0.2 Topsoil Silty clay loam 7 3 1.22; 1.24

0.7 Agriculturally influenced soil - 7 3 1.15

1.4 Quaternary valley deposits Silt loam 3 3 1.16; 1.15

1.9 Quaternary valley deposits - 7 3 1.36

2.4 Quaternary valley deposits - 3 3 1.50; 1.47; 1.49

2.9 Quaternary valley deposits Silt loam 7 3 1.55; 1.56

TP4

0.6 Anthropogenic filling Silty clay 7 3 1.41; 1.49

1.2 Quaternary valley deposits Silty clay loam 7 3 1.47; 1.55

1.6 Quaternary valley deposits Silt loam 3 3 1.51; 1.50

TP6

0.6 Anthropogenic filling Loam 7 3 1.28; 1.29

0.6 Anthropogenic filling Loam 7 3 1.28; 1.29

1.6 Quaternary valley deposits Silty clay loam 3 3 1.30; 1.28

For the determination of the depth-dependent, large-scale thermal conductivity, λ was
calculated for specific depth intervals using regressions with a second-degree polynomial
function of corresponding measurement results and the average, depth-dependent values
ofω. The two measurement methods were considered separately.

For the evaporation method, only one measurement point per 24 h is used for the
thermal conductivity calculation and illustration in the following. This results in the single
measurement at ω = 0.0 g/g being weighted more for the regression. Due to the similar
soil types and stratigraphic units, the results of the more distant TP4 and TP6 were also
considered for a large-scale approach, which includes the near low-temperature district
heating network.

2.3. Electrical Resistivity Tomography (ERT) and Parameter Derivation

Along three 2D sections, ERTs were performed on the test site on 7 April 2021,
i.e., after refilling the collector field. The sections partly crossed groundwater monitoring
wells to compare the results with the layer structure of drilling profiles and the measured
groundwater levels (Figure 1a).

The measurements were taken at a frequency of 4.16 Hz with the earth resistivity
meter 4point light by LGM—Lippmann Geophysical Equipment and the software GeoTest
(version 2.4.3) by Geophysics—Dr. Rauen. Methodology and measurement configuration
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for each section is shown in Table 4. A total of 80 electrodes were used for Section A and
60 electrodes for Sections B and C.

Table 4. Methodology and measurement configuration of electrical resistivity tomography (ERT) for
Sections A, B and C.

Section Method
Maximal

Measurement
per Point

Threshold
Measurement

Error [%]

Electrode
Spacing [m] Length [m] Measured

Layers
Measured Depth

[m b. g. l.]

A Wenner array
[31]

40 0.1 2 158 20 28
B 25 0.2 2 118 17 20
C 25 0.2 2 118 17 20

For data processing, the measured pseudo-resistivities were inverted using the soft-
ware Res2DInv (version 4.03.36) by Aarhus GeoSoftware. Since the terrain is slightly
sloping, an elevation profile was implemented. The calculation was performed using
the robust inversion settings and the full Gauss–Newton method. To generate smoother
resistivity transitions, the calculated cells were halved by using the halved-unit electrode
spacing option. The values of the 10th iteration of inversion processes were considered for
the evaluation. Section A showed an error of 3.8%, Section B 1.4% and Section C 2.1%.

The derivation of λ is performed as described by Schwarz and Bertermann [42]. This
approach is based only on the electrical conductivity σT, which is corrected by temperature
factor fT according to Sheets and Hendrickx [56] to electrical conductivity at a temperature
of 25 ◦C (σ25):

σ25 = fT·σT (2)

fT = 0.4470+1.4034·e−T/26.815 (3)

For the temperature correction, the average value of all temperature monitoring
stations located at B1–B6 of the measurement on 22 April 2021 was formed, in this case
T = 10.1 ◦C [14]. The electrical conductivity σT is the reciprocal value of the measured
electrical resistivity (ER).

For the derivation of λ, several steps are required in this approach. First, θ is calculated
according to Bertermann and Schwarz [57] considering correction factors for the soil type
groups Clay (Xclay) and Silt (Xsilt) according to Schwarz and Bertermann [42]:

θ = e0.3415· ln (σ25)+4.228−Xclay or silt (4)

Xclay = −34.122·σ25 + 5.1063 (5)

Xsilt = −204.75·σ25 + 5.2482 (6)

The soil texture groups are also defined by σ25 in three different ranges (Sand:
<0.01 S/m; Silt: 0.01–0.05 S/m; Clay: >0.05 S/m). These separation ranges are used to
determine the selection of the respective correction factor for θ as well as for the calculation
of ρb. Bulk density is derived as follows:

ρb_clay= 0.9565·σ25+1.1683 (7)

ρb_silt= 4.6015·σ25+1.3362 (8)

ρb_sand= 1.4 (9)

By deriving θ and ρb, the thermal conductivity can be calculated. As proposed by
Schwarz and Bertermann [42], the calculation in this study is performed according to
Kersten [22]:

λ = 0.1442·
(

0.7· log
(
θ

ρb

)
+0.4

)
·100.6243·ρb (10)
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The inverted electrical resistivities and the thermal conductivities derived from them
were interpolated with the Surfer® mapping software by Golden Software and illustrated
graphically.

For the comparison of the derived parameters with measured values, the average
values of ρb, θ and λ per measured layer for each section were calculated.

3. Results
3.1. Bulk Density and Water Content

The measured average values for ω and ρb and the calculated volumetric water
contents using Equation (1) are listed in Table 5.

Table 5. Average bulk densities (ρb) and gravimetric water contents (ω), which were determined
in the unsaturated zone, and with Equation (1) calculated average volumetric water contents (θ).
The standard deviation and the number of measured values used in each case are also shown in the
brackets. For the depths 4.0 m to 5.0 m b. g. l., the average ρb calculated for 3.5 m b. g. l. is also
assumed in a simplified way.

Depth [m b. g. l.] ω [g/g] ρb [g/cm3] θ [cm3/cm3]

0.5 0.17 (0.06/24) 1.46 (0.16/19) 0.24

1.0 0.18 (0.06/23) 1.40 (0.15/12) 0.25

1.5 0.22 (0.04/16) 1.45 (0.16/11) 0.32

2.0 0.21 (0.05/17) 1.43 (0.09/8) 0.29

2.5 0.19 (0.04/8) 1.53 (0.10/5) 0.28

3.0 0.17 (0.05/11) 1.59 (0.07/3) 0.28

3.5 0.16 (0.05/6) 1.59 (0.00/1) 0.25

4.0 0.15 (0.04/7) 1.59 (-/-) 0.24

4.5 0.17 (0.04/3) 1.59 (-/-) 0.27

5.0 0.12 (0.05/3) 1.59 (-/-) 0.19

The water content and bulk density showed location-dependent fluctuations, espe-
cially in the area very close to the surface. Water contents of 0.06 to 0.32 g/g were measured
over the entire depth. The average water content initially increased with depth and de-
creased again from 2.0 m b. g. l. onwards.

Bulk densities between 1.2 and 1.7 g/cm3 were measured. The average values were
initially approximately constant and increased from 2.0 m b. g. l. downwards and are
simplified and assumed to be constant from 3.5 m b. g l.

3.2. Atterberg Limits and Plasticity Properties

Table 6 shows the determined Atterberg limits and the plasticity index for soil samples
examined. As can be seen, the shrinkage limit (ωS) for four out of five samples was between
0.17 g/g and 0.19 g/g and the liquid limit (ωL) between 0.28 g/g and 0.29 g/g. Only the
sample from TP1 at 1.4–1.9 m b. g. l. showed a significantly higher liquid limit of 0.40 g/g
and a lower shrinkage limit of 0.14 g/g. Thus, according to the ISSCS (Indian Standard Soil
Classification System) plasticity chart, this sample is classified as intermediate plastic clay
(CI). The remaining samples are classified as low plastic clays (CL), with plasticity indexes
between 0.08 and 0.10.

3.3. Thermal Conductivity Measurements Using Evaporation Method

Thermal conductivities measured with the evaporation method are shown in Figure 3.
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Table 6. Results of the determination of the liquid limit (ωL), plasticity limit (ωP), plasticity index
(IP) and shrinkage limit (ωS), as well as the soil class determined from the ISSCS plasticity chart (PC):
CI = intermediate plastic clay, CL = low plastic clay.

Sample Point Depth [m b. g. l.] ωL [g/g] ωP [g/g] IP ωS [g/g] PC

B2 2.7–4.6 0.29 0.19 0.10 0.17 CL

TP1 1.4–1.9 0.40 0.19 0.21 0.14 CI

TP1 2.9–3.4 0.29 0.21 0.08 0.19 CL

TP2 2.9 0.29 0.20 0.08 0.18 CL

TP4 1.6 0.28 0.21 0.08 0.19 CL
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Figure 3. Results of thermal conductivity (λ) measurements as a function of the gravimetric water
content (ω) using the evaporation method for samples of (a) TP1, (b) TP2 and (c) B2, TP4 and TP6.
A maximum of one measuring point per 24 h is displayed.

The measurements initially showed increasing values of λwith decreasingω. The ther-
mal conductivity reached a maximum and decreased again as the water content continued
to decrease. The differences between the maximum thermal conductivity and the thermal
conductivity at saturated conditions were between 0.1 and 0.3 W/(m·K). Maximum values
for λ between 1.2 and 1.7 W/(m·K) were measured.

Furthermore, changes in the volume of the samples were observed during saturation,
and drying due to evaporation. At selected samples those changes were recorded. The
results are summarised in Table 7.

Table 7. Observed bulk density changes during saturation and drying using the evaporation method:
ρb_ini = initially installed bulk density, ρb_sat = bulk density after saturation, ρb_dry = bulk density
after oven drying. Due to the not completely straight surface of the soil body after swelling and
shrinking, the indication of ρb_sat and ρb_dry is kept rough.

Sample
Point

Depth
[m b. g. l.]

ρb_ini
[g/cm3]

ρb_sat
[g/cm3]

ρb_dry
[g/cm3]

Clay
Content

TP2 1.4 1.16 ~1.2 ~1.5 26%

TP2 2.4 1.50 ~1.3 ~1.6 24% 1

TP4 1.6 1.51 ~1.4 ~1.7 23%

TP6 1.6 1.30 ~1.2 ~1.6 35%

B2 4.0–4.6 1.48 ~1.3 ~1.8 35%
1 Clay content linearly interpolated between the determined values at 1.4 m and 2.9 m b. g. l.
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Accordingly, significantly lower bulk densities after saturation and significantly higher
bulk densities after drying in comparison to the initially installed bulk density (ρb_ini)
were observed. During the test procedures, alterations of ρb by amounts of 0.3 g/cm3 to
0.5 g/cm3 occurred.

3.4. Thermal Conductivity Measurements Using Punctual Method

The results of the punctual method are shown in Figure 4. The water contents to be
measured were based on the results of the evaporation method. However, it turned out
that significantly lower maximum values ofω were achieved due to saturation. As a result,
the measurements atω2 andωsat were partially conducted at similar water content values.
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Figure 4. Results of thermal conductivity (λ) measurements as a function of the gravimetric water
content (ω) using the punctual method for samples of (a) B2, B4 and B5, (b) TP2, (c) TP4 and (d) TP6.

Here, predominantly increasing thermal conductivities occurred with increasingω.
Maximum values for λ between 1.3 W/(m·K) and 1.7 W/(m·K) were achieved for quater-
nary valley deposits or overlaying layers.

3.5. Depth-Dependent Thermal Conductivities

The measured values for λ, sorted by the depth interval from which the respective soil
samples were taken and by measurement method, are shown in Figure 5.
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Figure 5. Measured values for λ as a function of gravimetric water content in specific depth intervals
for (a) the evaporation method and (b) the punctual method. In addition, the measured thermal
conductivity of decomposed basalt samples (>5 m b. g. l.) is shown in (b). For the evaporation
method, a maximum of one measuring point per 24 h is displayed. Chart legend is shown in (c).
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The depth-dependent thermal conductivities were calculated with the gravimetric
water contents listed in Table 5. For this purpose, a regression of the measurement results
with a second-degree polynomial function for each depth interval was used. The results
are shown in Table 8. The quality of the regression is determined by the coefficient of
determination (R2) and Root Mean Square Error (RMSE).

By using a regression based onω, the results are considered independently of bulk den-
sity. Furthermore, due to the density changes during the evaporation method, a determination
of the volumetric water content is not possible.

Table 8. Thermal conductivity per depth step using regression with a second-degree polynomial
function as a function of the gravimetric water content for the evaporation method (λevaporation) and
the punctual method (λpunctual). The quality of the respective regression is shown in the form of the
coefficient of determination (R2) and Root Mean Square Error (RMSE).

Depth
[m b. g. l.]

λevaporation
[W/(m·K)] R2

evaporation/RMSE λpunctual
[W/(m·K)] R2

punctual/RMSE

0.5 1.6
0.98/0.04

1.2
0.93/0.13

1.0 1.6 1.3

1.5 1.4 0.73/0.16 1.4 0.87/0.17

2.0 1.6

0.90/0.09

1.6

0.95/0.12

2.5 1.6 1.5

3.0 1.6 1.5

3.5 1.5 1.4

4.0 1.5 1.4

4.5 1.6 1.5

5.0 1.4 1.3

With the punctual method, between three and five samples were measured per depth
interval. For the evaporation method, one measurement for the depth ≤ 1 m b. g. l. was
performed. Four measurements were conducted for each of the remaining depth levels.

3.6. ERTs and Parameter Derivation

The measured and interpolated electrical resistivities for each section are shown in
Figure 6. In the quaternary valley deposits, as well as in the overlaying layers, electrical
resistivities between 20 and 40 Ω·m were mostly observed. Section C showed locally
higher resistivities, which, however, are due to distribution shafts. The boundary to the
adjacent bench gravel, which also approximately represents the groundwater level, was
characterised by increasing resistivities. In the aquifer, values for ER between 40 and
100 Ω·m were measured, whereby even higher values can be explained by distribution
shafts in Section C. The decomposed basalt closer to the surface showed similarly high
values, in deeper layers ER decreased to values between 0 and 20 Ω·m.

For the derivation of soil parameters from ER and respectively σ25, only the unsatu-
rated subsurface was considered in the following. On 7 April 2021, the average groundwater
level was 136.3 (±0.3) m above sea level. After temperature correction (Equation (2)), the
electrical conductivities predominantly showed values in the separation range of the silt
and clay soil type groups.
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Figure 6. (a–d) Distribution of electrical resistivities in the subsurface along the ERT sections with
colour scale; (e–h) derived thermal conductivities for each ERT section with colour scale. The
derivation method is only applicable to the unsaturated zone (area that is not hatched). Shown also
are simplified profiles of boreholes crossed by ERT sections and groundwater level from 7 April 2021,
legend is shown in (i). In addition, the location of distribution shafts (ds) is shown in Section C.
Altitudes are given in meters above sea level, length in meters.
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As can be seen in Table 9, the derived average bulk densities in the unsaturated
zone differed only slightly between the individual sections and with depth, averaging
1.49 g/cm3. It is similar to θ, with an average value of 0.25 cm3/cm3. The thermal conduc-
tivity ranged between 1.5 and 1.6 W/(m·K) over large ranges of the sections with locally
limited deviations (Figure 6e–g). Especially in the first 50 m of Section A, significantly
lower values between 0.9 and 1.1 W/(m·K) were observed. In Section C, lower values due
to the distribution shafts were calculated.

Table 9. Average derived values for ρb, θ and λ for each section and for each measured layer of the
ERTs. The standard deviation is also shown in the brackets.

Depth
[m b. g. l.] ρb [g/cm3] θ [cm3/cm3] λ [W/(m·K)]

A B C A B C A B C

0.5 1.46 (0.13) 1.51 (0.01) 1.51 (0.03) 0.26 (0.02) 0.25 (0.01) 0.25 (0.03) 1.5 (0.2) 1.6 (0.0) 1.6 (0.1)

1.1 1.45 (0.13) 1.51 (0.01) 1.51 (0.03) 0.26 (0.02) 0.25 (0.01) 0.24 (0.03) 1.5 (0.3) 1.6 (0.0) 1.6 (0.1)

1.7 1.47 (0.13) 1.52 (0.01) 1.51 (0.03) 0.26 (0.02) 0.25 (0.01) 0.24 (0.03) 1.5 (0.2) 1.6 (0.0) 1.6 (0.1)

2.3 1.50 (0.09) 1.50 (0.09) 1.50 (0.03) 0.26 (0.02) 0.26 (0.02) 0.24 (0.03) 1.6 (0.2) 1.6 (0.2) 1.5 (0.1)

3.1 1.46 (0.12) 1.47 (0.12) - 0.25 (0.04) 0.25 (0.03) - 1.5 (0.3) 1.5 (0.2) -

3.9 1.42 (0.15) 1.45 (0.15) - 0.25 (0.03) 0.26 (0.02) - 1.4 (0.3) 1.5 (0.3) -

4.7 1.49 (0.00) 1.54 (0.01) - 0.23 (0.00) 0.28 (0.01) - 1.5 (0.0) 1.7 (0.0) -

4. Discussion
4.1. Comparison of Laboratory-Scale Methods for Determination of Thermal Conductivity Using
Single-Needle Sensors

In the process of the evaporation method, it was observed that maximum values of λ
were reached at a medium water content and not at full saturation as expected (Figure 3).
Alterations of ρb due to swelling and shrinkage of the sample in the measuring cylinder
were also evident. Since, in addition to water content, bulk density also has a significant
influence on λ [17–20], it is assumed that these density changes caused the observed
correlation of thermal conductivity andω.

The shrinkage and swelling processes due to water content changes in clayey soils are
further known [58–60]. In simplified terms, soil shrinks with decreasing water content until
the shrinkage limit [61] and then reaches the highest bulk density. However, the thermal
conductivity maximum was reached when the optimum ratio of ρb and ω was present
(ω ≥ ωS). The deviating correlation of λ and water content that occurred due to shrinkage
is also described by Ardiansyah et al. [62].

The soil samples examined here showed a high (Pearson’s coefficient r = 0.90) and
significant (p-value = 4%) linear correlation between the extent of shrinkage and clay
content (Figure 7a). However, the clay content is only a rough approach to estimating the
susceptibility of soils for shrinkage, since shrinkage is a complex process and contains
different phases [63]. In addition to the amount of clay, the type of clay minerals is
also decisive [58]. As repacked samples were used, the disturbance of the structural
stability due to the installation and compaction of the dried soil samples can also lead
to a changed and potentially increased shrinkage behaviour [64]. Therefore, due to the
predominantly low plasticity indexes, it is assumed that the repacking process also caused
a significant proportion of the observed volume changes. Furthermore, the higher values
of ρb_dry than those of ρb_ini also indicate that decreasing water contents additionally led to
a rearrangement of the grain structure.
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Figure 7. (a) Correlation of the difference of ρb_sat and the bulk density after oven drying (ρb_dry)
with clay content; (b) correlation of the difference between the initial bulk density (ρb_ini) and the
density after saturation (ρb_sat) with ρb_ini. The differences were calculated with the actual measured
bulk densities and not with the rough indication of Table 7.

The amount of swelling during capillary saturation also showed a high (r = 0.88) and
significant (p-value = 5%) linear correlation with the initially set bulk density (Figure 7b).
Increased swelling behaviour with increasing originally-set density was observed.

Installing the soil in the measuring cylinder at a higher water content would reduce
the effects of swelling of clayey soils. Similarly, by using undisturbed samples, increased
shrinkage during drying, caused by the disturbance of structural stability, can be ruled out.

Both methods were performed on five identical samples, so the results can be com-
pared (Figure 8a–e). The values for ρb_ini only differ by a maximum of 0.03 g/cm3.
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Figure 8. (a–e) Comparison of the results of the evaporation method and the punctual method. For
the evaporation method, a maximum of one measuring point per 24 h is displayed; (f) correlation
between the differences of measured values for λ with the punctual method (λpunctual) and the
evaporation method (λevaporation) at matching values of ω. The two red lines represent the area,
where ωS is located according to Table 6. If no measurement data was available at equal water
contents, λwas linearly interpolated.
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The measured values for λ differed by up to 0.6 W/(m·K) at equal water contents.
These differences correlated clearly (r = 0.75) and significantly (p-value = 0%) with ω
(Figure 8f). At low water contents (ω ≤ ωS), higher values for λ were measured with
the evaporation method, whereas at higher water contents (ω >ωS), higher values were
determined with the punctual method. This can also be explained by the shrinking and
swelling, and the resulting higher and lower densities which occur during the evaporation
method. However, this is not always related to the extent of the density change and there
were deviations from it.

The comparatively higher densities after capillary saturation also resulted in lower
values for ωsat. It is also assumed that in some cases complete saturation by capillary
saturation was not achieved with the punctual method.

Due to low water content differences during capillary saturation and oven drying,
swelling and shrinkage processes can be significantly reduced with the punctual method.
In this study,ω2 was often almost equal toωsat, andω1 was in the range ofωS or below.
Therefore, an approximately constant density is assumed for the measurements. The
punctual method, therefore, has the benefit of a largely controlled and constant bulk
density. However, compared to the evaporation method, a large amount of measuring
points can only be achieved with increased effort in the laboratory by re-installing the
sample each time.

Considering the calculated depth-dependent thermal conductivities (Table 8), the
values of the evaporation method were particularly higher at 0.5 and 1.0 m b. g. l., by
0.1 W/(m·K) on average. As can be seen in Table 5, the used values ofωwere between 0.12
and 0.22 and in the range ofωS (Table 6). Accordingly, with the evaporation method, higher
bulk densities between 1.3 g/cm3 and 1.8 g/cm3 can be assumed, with a positive effect on
thermal conductivity [17–20]. With the punctual method values for ρb between 1.1 g/cm3

and 1.6 g/cm3 were used (Table 3). Thus, the actual bulk densities of the evaporation
method were closer to the measured average bulk densities (Table 5), especially in the
near-surface area, and, therefore, presumably provide more realistic values in a large-scale
consideration including the near low-temperature district heating network.

At 1.5 m b. g. l., lower thermal conductivities were measured with the evaporation
method compared to other depths, despite similar water contents. In addition, the lower
value for R2 showed a greater variation in measured values. It is assumed that the CI-soil
partially present at this depth has different thermal properties and is less conductive than
CL-soil occurring elsewhere (Table 6).

With this large-scale approach, it must be considered that water content and bulk
density can be variable over a large area or seasonally due to different land use, climatic
influences, or oscillating groundwater level. Accordingly, thermal conductivity is also
a variable parameter.

As Figures 4 and 5 show, the decomposed basalt has lower thermal conductivities
despite similar soil types and bulk densities. This can probably be attributed to the deviating
mineralogical composition of this layer.

4.2. Derivation of Physical and Thermal Soil Parameters from ERTs

The measured electrical resistivities reflected the stratigraphic layer structure
(Figure 6a–c). The loamy valley deposits and the loamy agriculturally- or anthropogenically-
influenced soils showed already known resistivities for silt and loess loam [65]. Likewise,
expectable values for water-saturated gravel were measured for the bench gravel layer.
Here, the values fluctuated due to the different contents of fine-grained soil. Basalt as
a hard rock normally has significantly higher electrical resistivities. However, low values
of 30 Ω·m can also be measured in saturated basalt [66]. Especially in the deeper range,
even lower values were observed here. These can be explained by the local decomposing to
clayey ‘Rotlehm’, as in B4. In addition, the groundwater occurring in the partially decom-
posed and permeable basalt has high electrical conductivities, as was already measured in
B3 [14] or is already known elsewhere in Bad Nauheim [67].
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Figure 9 and Table 10 compare the Equations (2)–(10) derived soil parameters of the
individual ERT sections (Table 9) with the measured averaged and calculated values of ρb,
θ and λ listed in Tables 5 and 8.
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Figure 9. Comparison of average ERT-derived (a) bulk densities, (b) volumetric water contents and
(c) thermal conductivities with measured and calculated values for the unsaturated zone. Chart
legend is shown in (d).

Table 10. Deviations between measured or calculated soil parameters and from ERTs derived and
averaged values for each section. For this, the derived values from the ERT were linearly interpolated
for each depth step in intervals of 0.5 m from 0.5 m b. g. l. down to a depth of a maximum 4.5 m b. g. l.
Negative values mean higher values derived from ERT.

Parameter Minimum Deviation Maximal Deviation Average Deviation

A B C A B C A B C

ρb [g/cm3] −0.1 −0.1 −0.1 0.2 0.1 0.0 0.1 0.0 −0.1

θ [cm3/cm3] −0.01 −0.02 0.00 0.07 0.07 0.08 0.02 0.01 0.03

λpunctual [W/(m·K)] −0.3 −0.4 −0.4 0.0 0.0 0.0 −0.1 −0.2 −0.2

λevaporation [W/(m·K)] −0.2 −0.2 −0.2 0.1 0.1 0.1 0.0 0.0 0.0

The average derived values of ρb and θ showed only minor deviations when compared
with the average measured values. While the relationship between electrical conductivity
and water content is significant, according to Schwarz and Bertermann [42], there is actually
only a rough relationship between density and electrical conductivity. Therefore, especially
the accuracy of the density derivation needs to be investigated in further studies.

Furthermore, as mentioned before, bulk density and water content can be locally and
temporally variable. This is particularly evident from 0.5 to 1.5 m b. g. l. considering the
calculated standard deviations (Table 5). For this reason, a comparison of only average
values in largely uniform soil types is particularly appropriate. In addition, the local
disturbances of electrical conductivities by the distribution shafts or other structures are in
this case not very significant due to the use of average values.
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The thermal conductivities derived from the ERTs were largely 1.5 and 1.6 W/(m·K)
on average (Table 9). However, higher standard deviations (0.2–0.3 W/(m·K)) due to local
sections with lower or higher values are given, especially for Section A and Section B.
In total, there were no differences between the derived and measured values using the
evaporation method on average. Only at a depth of 1.5 m b. g. l., derived values for λ were
higher by 0.2 W/(m·K) in each section. This is probably due to the CI-soil present at this
depth, which is not sufficiently resolved with the ERTs.

With the punctual method, the measured values were, on average, 0.1 W/(m·K)
lower. The highest deviations (up to −0.4 W/(m·K)) were observed at 0.5 m b. g. l. and
1.0 m b. g. l., presumably due to the lower bulk densities used in the laboratory measure-
ments. Over the entire depth of the unsaturated zone and considering both measurement
methods, the average difference was −0.1 W/(m·K).

The use of average values along the ERT sections and of depth-dependent values for λ,
determined from several laboratory scale measurements and water content measurements,
provides a rough and large-scale comparison. This is considered particularly useful with
regard to LSCs or other larger infrastructure projects. A small-scale comparison is not
performed by this approach. Small and locally limited layers or areas with deviating
thermal behaviour, such as the less-conductive CI-soil in this case, are not detected by this
procedure. In addition, ERT sections can have locally small-scale, presumably unrealistic
values due to interfering factors, either unknown or due to, for example, distribution shafts.
These could decisively affect the derivation of soil parameters in detailed investigations.

5. Conclusions

The comparison of the two laboratory measurement methods using single-needle
sensors—the evaporation method based on Markert et al. [27] and the punctual
method—shows the benefits and disadvantages of both approaches.

With the evaporation method, changes in the density of the sample body affected the
measurements. These swelling and shrinking processes were caused by the clay content
and by the use of repacked soil samples. Such effects can be reduced by using undisturbed
soil samples and by installing the soil sample in an already moist state. Soils with a low clay
content are also expected to have fewer density alterations. The benefit of this method is that
the continuous measurement generates a data set that can cover the complete water content
range. In addition, the laboratory effort for each measurement is comparatively low.

With the punctual method, a sufficiently constant density can be ensured for the
measurements—even with clayey and repacked soil samples. However, this is conditionally
dependent on the selected water contents at which the thermal conductivity is measured.
Due to the two times of installation in the measuring cylinders, the laboratory effort per
measurement increases. In addition, it is only possible to generate a larger number of
measurement points with greater effort or by combining both methods.

The thermal conductivities derived from the ERTs showed largely minor deviations
from the laboratory measurements using a large-scale approach based on averaged val-
ues. According to the results of this study, ERTs could be used for non-invasive thermal
exploration of the very shallow, unsaturated subsurface in the context of large-scale in-
frastructure projects such as LSCs. Due to the calculation of λ according to Kersten [22] as
proposed by Schwarz and Bertermann [42], no prior knowledge about the subsurface to be
investigated is required. However, the soil parameters derived in this study are site-specific
and particularly the correlation of bulk density and electrical conductivity is only rough.
Therefore, further investigations by comparative measurements are necessary to verify the
accuracy and utility of this methodology considering different soil types, soil compositions,
and subsurface conditions.
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Nomenclature

Acronyms
CI Intermediate plastic clay
CL Low plastic clay
ERT Electrical resistivity tomography
LSC Large-scale geothermal collector system
Variables
θ volumetric water content [cm3/cm3]
λ thermal conductivity [W/(m·K)]
ρb bulk density [g/cm3]
ρw density of water [g/cm3]
σ25 electrical conductivity at a temperature of 25 ◦C [S/m]
σT electrical conductivity [S/m] at a temperature T
ω gravimetric water content [g/g]
ωL liquid limit [g/g]
ωP plastic limit [g/g]
ωS shrinkage limit [g/g]
ER electrical resistivity [Ω·m]
fT temperature correction factor [-]
IP plasticity index [-]
T subsurface temperature [◦C]
XClay Correction factor for soil type group Clay [-]
XSilt Correction factor for soil type group Silt [-]
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