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ABSTRACT: The dimensioning of underground extra-high voltage direct current (HVDC) power lines, requires detailed
knowledge of the ground and its thermal conductivity. For this purpose, a laboratory test using transient methods with the
needle probe, to determine reproducible values of the thermal conductivity of soils was developed for the construction of
the 700 km long SuedLink underground power line in Germany. The unique approach of this test not only yielded precise
thermal conductivity measurements but also allowed for the depiction of the thermal conductivity to water content
relationship, covering the entire range from saturated to oven-dried soil states. This allows site specific groundwater
conditions to be considered during the design. Additionally, the gravel content of the soil was also taken into account.The
results of the thermal conductivity tests of the soil samples form the basis of the thermal ground model which governs the
thermal design of HVDC underground cables. The thermal design is crucial for optimising the spacing between cables in
order to minimise the project costs and the environmental impact. In this paper the process from laboratory testing to the
creation and analysis of the thermal ground model is presented. Furthermore, insights into the thermal design of HVDC
cables are provided focussing on horizontal directional drilling (HDD) methods.

RESUME: Le dimensionnement des lignes électriques souterraines & courant continu a haute tension (HVDC) nécessite une
connaissance détaillée du sol et de sa conductivité thermique. A cet effet, un test en laboratoire utilisant des méthodes
transitoires avec une sonde a aiguille, pour déterminer des valeurs reproductibles de la conductivité thermique des sols, a été
développé pour la construction de la ligne €lectrique souterraine SuedLink de 700 km de long en Allemagne. L'approche
unique de ce test a non seulement permis d'obtenir des mesures précises de la conductivité thermique, mais a également
permis de représenter la relation entre la conductivité thermique et la teneur en eau, couvrant toute la gamme des états du
sol, de saturé a séché au four. Cela permet de prendre en compte les conditions spécifiques au site en ce qui concerne les
niveaux d'eau souterraine lors de la conception. De plus, la teneur en gravier du sol a également été prise en compte. Les
résultats des tests de conductivité thermique des échantillons de sol constituent la base du modeéle thermique du sol qui régit
la conception thermique des cébles souterrains HVDC. La conception thermique est cruciale pour optimiser 1'espacement
entre les cébles afin de minimiser les cofits du projet et 'impact environnemental. Dans cet article, le processus allant des
tests en laboratoire a la création et a l'analyse du modéle thermique du sol est présenté. De plus, des informations sur la
conception thermique des cables HVDC sont fournies en mettant I'accent sur les méthodes de forage directionnel horizontal
(HDD).

Keywords: Soil thermal conductivity; underground cables; extra-high voltage direct current; water content; renewable
energy.

1  INTRODUCTION carbon-neutral by no later than 2050. The extra-high
voltage direct current (HVDC) underground cable

In line with the Renewable Energy Sources Act project SuedLink will contribute to this goal by making

(BMWK, 2021), all electricity in Germany should be
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it possible to transmit wind energy from the northern
parts to the southern parts of the country.

Most of the 700 km route of the SuedLink power
line consists of the so-called trunk-line where four
HVDC cables will be installed underground at various
distances to one another, see Figure 1. This will be
done by means of open excavations as well as using
trenchless construction techniques (such as HDD)
along significant lengths of the project.

ground surface
N

casing pipes
for cables

underground optical
cables fibres

Figure 1. Sketch of HVDC underground cables constructed
using HDD.

Some of the electrical energy transported along the
cables is converted to heat energy due to the resistance
of the cables. As each of the HVDC cables emits a
certain amount of heat, they need to be spaced
sufficiently far apart from one another in order to avoid
overheating and thereby reducing their performance.
This is why the thermal conductivity (TC) of the
ground plays a crucial role in the thermal design of
underground HVDC cables.

As part of the SuedLink project a novel method for
determining the water content dependant TC of soils
was developed and applied. The results of these tests
were used to develop thermal ground models which
formed the basis of the thermal design of the HVDC
cables.

Different methodologies can be applied in order to
determine the TC of soils as explained by Banks
(2012). Typically, these fall into either the category of
employing the steady state solution to Fourier’s law in
several variants or by using a transient method. In
laboratory settings, steady-state methods entail
subjecting a specimen to unidirectional heat flow. The
power input and temperature difference across the
specimen are then measured once a steady state is
achieved. Transient methods require the application of
heat to the specimen, with subsequent monitoring of
temperature changes throughout a specified duration.

Clarke et al. (2008) described a steady state test
method for TC of soils where heat is applied to one end
and assumed to have one-directional flow, since the
sample is insulated radially and at the base. Low et al.
(2017) performed an error analysis on the Clarke et al.
(2008) setup by performing physical laboratory tests
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and then comparing these to a finite element model of
the tests. Low et al. (2017) conclude that significant
radial heat losses occur through the sides of the thermal
cell which significantly impacts the calculated TC.
Low et al. (2017) proceed to recommend using
transient testing techniques. Furthermore Schedel et al.
(2019) argue that a valid measurement of the TC on a
partially saturated material, using steady state
methods, is also not possible. This is because the
displacement of the water content along the
temperature gradient, due to uneven heat distribution,
can also lead to significant inaccuracies.

Other literature on TC of soils is typically found in
the context of ground source heat pumps or energy
foundations. Here the thermal response test to
determine the effective TC along the length of a
borehole is described in Banks (2012) and VDI 4640
(2010). However, the results of these tests are applied
in the design of ground source heat pump systems and
are not directly applicable for determining the TC of
specific soil samples and their representative layers.
VDI 4640 (2010) does, however, provide typical
values of thermal conductivities for various soil types
at different water contents which can be useful as
indicative values to use during a pre-design.

Currently no standard exists for determining the
characteristic TC value of soils in the field or in the
laboratory using transient test methods. Only the
configuration of the needle probe and the subsequent
measurement to determine the TC are described in
standards ASTM D5334:22a and IEEE Std 442-2017.
With the participation of numerous experts, the
processes of sampling, sample transport and measuring
across various water contents up to evaluation were
developed into a project specification, which has been
adopted by the four major energy grid operators in
Germany.

2  THERMAL CONDUCTIVITY (TC) TEST

In the SuedLink project, the investigation of thermal
properties of soils is carried out on samples taken
during the ground investigation. The TC of a soil is
highly dependent on its water content as well as the
degree of compaction. The latter is adjusted to the in-
situ density when samples are prepared for TC
measurements. The water content of soils is subject to
natural (seasonal, land use) and operational (drying due
to heat radiation of cables) changes. To take this into
account, the samples are dried out in the laboratory
over a defined period of time, starting from the
saturated state and ending in the oven-dried state.
During this drying process the TC is continuously
measured and recorded. The results of the laboratory
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tests yield a relationship between TC and water content
for a specified density. In contrast to only having
measurements at single points, this continuous
measurement allows the entire process to be partially
automated, thus avoiding external influences and
providing very detailed data on the TC.

2.1

In the laboratory test the sample is air dried, from an
initially saturated state, in an open topped cylinder.
During this drying period, the TC is measured using
the needle probe method, as per ASTM D5334:22a,
while simultaneously measuring the water content
gravimetrically. The basic procedure of this continuous
TC measurement and the use of 50 mm high cylindrical
soil samples is based on investigations by Markert
(2012) and Drefke et al. (2017) and further adapted by
Stegner et al. (2017).

Figure 2 shows the experimental set-up for the
continuous measurement of TC and water content on a
cylindrical soil sample.

Test setup

’\1\ scale

P4 . "
(2} measuring device
@ needle probe

{4} sample cylinder
?, soil sample

(8 connection for
recording of data

Figure 2. Experimental setup for continuous measurement
of TC and water content of a cylindrical soil sample,
adapted from METER Group AG (2021).

The laboratory test is carried out with standardised
250 cm® steel cylinders (inner diameter = 80 mm,;
height = 50 mm). Three openings are arranged at 120°
to each other along the middle of the cylinder. One of
these is used to insert the needle probe into the soil
sample.

In the SuedLink project, the TR-3 Inline needle
probe from METER Group AG with a length of 70 mm
and a diameter of 2.4 mm is used. The needle probe
complies with the specifications of the relevant
electrical engineering standards (ASTM D5334:22a;
IEEE Std 442-2017).

For determining the relationship between TC and
water content, the VARIOS measuring system (Meter
Group AG) was further developed in cooperation with
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the manufacturer and the laboratory based on the
measurement specification provided by the client. The
special feature of this measuring system is the fully
automated continuous measurement and recording of
the TC data using the line source test method (ASTM
D5334:22a) and the water content via weighing. The
samples remain in position on the scales during the
entire test procedure, so that disturbances during
sample handling and thus falsification of measurement
results can be ruled out.

2.2 Sample extraction and preparation

Both disturbed and undisturbed samples can be used
for the laboratory test to determine the TC. In the case
of high coarse grain contents, disturbed samples are
preferred to undisturbed samples, as these allow the so
called “oversize grains” (d > 6.3 mm) to be separated
during sample preparation. This may be necessary if
the insertion of the needle probe into the soil samples
is hindered by these oversize grains.

If the samples from the ground investigation are
mostly gravel free, it is favourable to take undisturbed
soil samples by means of modified stainless-steel
liners, specifically intended for the TC tests (see Figure
2). Undisturbed soil samples have the in-situ density
and thus reflect the natural state more accurately than
disturbed soil samples which are subsequently packed.
It is therefore favourable to use undisturbed soil
samples, since the TC of a soil is dependent on the
density.

In the case of disturbed samples (bucket samples),
first the water content of the soil is determined and, if
necessary, oversized granular material is separated. By
knowing the water content as well as the natural
density of the soil, the sample can be installed into the
cylinder as close as possible to the in-situ conditions.
If no density information is known, the sample is
compacted to a density that matches the packing
density or consistency as per DIN 4220:2020-11
(2020). In the case of undisturbed samples, no special
preparation is necessary before carrying out the test, as
these samples are already in a near to in-situ state.

In the next step, the entire sample is covered by a
filter paper and permeable caps on both sides and then
saturated in a water bath for at least 30 hours.

2.3 Testing

After saturation, the needle probe is inserted and fixed
in one of the three lateral openings. The test is started
once the sample with the needle probe and the TC
measuring device are placed on the scale and
connected to the needle probe.

The system automatically measures the TC of the
sample at intervals of 60 minutes. Simultaneously the
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corresponding weight of the experimental set-up, i.e.,
the continuous weight loss, is recorded via the scales.
The exact water content at each measurement can only
be assigned after the sample is oven dried at the end of
the test. Both the sample preparation and the
measurements are carried out at constant room
temperatures under controlled laboratory conditions.

Normally the test would be terminated once the
sample has reached a constant mass. However,
depending on the soil type, this could take between a
few days up to weeks. A termination criterion of 8 days
from start of test, has proven to be sufficient to record
the water content relevant for HVDC cable
dimensioning. The sample is then dried in an oven at
65 °C for 48 hours. After cooling in a desiccator, the
so-called “oven-dried” TC is measured. Hereby the
theoretically possible driest condition of the soil
directly around the cables is simulated. Finally, the
sample is dried at 105 °C in order to assign the
corresponding water contents and dry density to the
recorded sample weight measurements. The procedure
described above is represented in the flow chart in
Figure 3.

1. Pack soil into sample

eylinder [ 2 [ 2. Saturate sample ]

¥

- [ 3. Insert needle probe

4. Continuous TC
measurements over 8
days as samples dries

-
[ 5. Drying at 65°C ]

- ‘ 6. Cooling in desiccator]
o

7. Measure ,,oven-
dried” TC

[ 8. Drying at 105 °C ] 4= [
-

[ 9. Weighing }

Figure 3. Laboratory test procedure for determining soil TC.

3 THERMAL CONDUCTIVITY RESULTS

3.1

A laboratory test result of the TC to water content of a
sand sample is shown in Figure 4. The (almost) fully
saturated sample has a volumetric water content of
about 47% with a corresponding TC of approximately
1.5 W/(m'K). As drying progresses, the TC decreases
to about 0.9 W/(m'K) at a volumetric water content of
about 15%. This range is recorded during the
continuous measurements of 8 days. In this case the
“oven-dried” TC was determined to be approximately
0.35 W/(m'K) at a volumetric water content of 2%.

Raw Data
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Figure 4. Exemplary TC test result of a sand sample
measured from complete saturation to oven drying.

The above example clearly illustrates the tendency
of the TC to decrease as drying progresses. At low
water contents further drying by evaporation takes
longer than at high water contents, which is why the 8-
day cut-off criteria was defined. The gap between the
oven dried reading and the last reading after 8 days can
be bridged with sufficient precision by linear
interpolation.

Generally, the TC decreases as the soil dries out.
However, occasionally cohesive soils show an increase
in TC with increased drying over a certain period of
time. This observation correlates with a shrinkage
observed in these samples during the initial phase of
heating and subsequent drying-out (Laloui, 2001).

3.2 Evaluation of raw data

To ensure a uniform evaluation and a minimisation of
human errors of the TC laboratory results within the
SuedLink project, the geo-data management software
GeODin was used, for which a specific TC-plug-in was
developed by Fugro GmbH.

For the evaluation, all relevant subsoil data, such as
stratigraphic logs, information on the TC samples, and
so on need to be entered into GeODin. The software
imports and reads the raw data of the TC test results.
The GeODin plug-in corrects the discrepancy that
arises from the non-measurement of the oversize grains
during the TC tests, by geometric means (Woodside &
Messmer, 1961; Farouki, 1986). This is done because
rocks have a higher TC than soils, which is why the
oversize grains fraction that was separated before the
test (see section 2.2) has a positive influence on the
overall TC of a stratigraphic soil layer. In addition to
this the relevant water contents and corresponding
thermal conductivities of the soil are determined by the
plug-in. This whole process is semi-automated.

In the next step of the evaluation, the measurement
gap between the continuous measurement and the
“oven dried” TC (see Figure 4) is closed by linear
interpolation.
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In a further evaluation step, the TC value of the
minimum natural water content is determined. This is
based on the results of site-dependent, multi-year water
balance models. In the example in Figure 4, the
minimum natural water content is 20% which
corresponds to a TC of approx. 1.2 W/(m'K), as per
Figure 4. Under certain conditions, it can also be
necessary to apply a water content that accounts for
technically induced drying. Ultimately the evaluation
of the TC test with the GeODin-TC-Plugin yields the
TC associated with the typical drying of the soils
(saturated, natural drying/damp, technically induced
cable drying, oven-dry) for each sample.

4 THERMAL GROUND MODEL AND
DESIGN

For the thermal design of the cable above groundwater,
the relevant thermal conductivities are comprised of a
pair of TC values corresponding to the water content
of the soil in its natural state and the soil dried by the
cable. Below groundwater the TC corresponding to the
saturated water content of a soil is adopted. For each
sample these thermal conductivities are integrated into
a thermal ground model where areas of comparable
thermal properties (thermal zones) are defined. An
example of a thermal ground model is displayed in
Figure 5.

Thermal Zone 3

Thermal Zone 1 Thermal Zone 2
l

Thermal Zone 4
Figure 5. Example of a thermal ground model with
demarcated thermal zones.

|HVDC Cables |

Within a soil layer, different thermal conductivities
due to different water contents can become relevant for
the design. For example, when a soil layer extends
from above the water table to below the water table.
This is why, for example, the thermal zone 2 is
differentiated from the thermal zone 4 in Figure 5. The
lowest groundwater level expected over the lifetime of
the cable must always be used during design.

The closer the cables are laid to each other, the
greater their mutual thermal influence. The maximum
operating temperature of 70 °C in the cable conductor
limits the minimum centre-to-centre spacing between
the cables for a given cable type and local thermal soil
properties. In the thermal design the minimum centre-
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to-centre spacing is calculated iteratively as a function
of the depth of the cable.

The thermal design calculations are performed by
means of Finite Element modelling for stratified
ground using a two-layer model according to the Cigre
Study Committee 21 (1992). The primary input
parameters for the thermal design calculations are the
TC value-pairs.

The results of these calculations were developed
into a set of tables for the SuedLink project that cover
the wvast majority of cases encountered when
performing a thermal design. This not only stream-
lined, but also created a transparent and reproducible
designs. Specific cases that were not covered by the
tables had to be calculated individually.

At the same installation depth, changes in soil type
and water content can result in large differences in the
required cable spacing, which can in some cases differ
by a factor of four.

The detailed TC investiagtions have led to
signficant optimisations in cable-spacing, as can be
seen by the following example. Conventionally a very
conservative TC-Pair corresponding to the ,,damp* and
,cable-dried” water contents, of 1 W/(m*K) and 0.4
W/(m*K), is assumed. At 8 m cable depth this would
lead to a required cable spacing of approximately 27 m
along the trunk-line. Comparing this to a true TC-Pair
of 1 W/(m*K) and 1 W/(m*K), which has often proved
to be the case for various soils, a cable spacing of only
9 m is required.

For the thermal design, various boundary
conditions such as heat-emitting underground cables
(from third parties), pipelines and topographic changes
in ground level need to be carefully considered.

Various technical solutions can be adopted and
considered in the design in order to reduce the required
spacing between the cables installed by means of
trenchless construction. This included improving the
TC in the area of the cable by filling the casing pipes
with a conductive material such as a gel or water.
Alternatively, the standard casing pipe diameter
(280 mm) was increased and also filled with a
conductive material. In certain cases, the construction
tolerance for the HDD was reduced.

5 CONCLUSIONS

The partially automated testing and evaluation
processes described here has been established and used
on over 6000 soil samples in the SuedLink project. The
creation and understanding of the thermal ground
model require detailed evaluation with corresponding
expertise due to complex stratigraphy’s as well as
various external boundary conditions. Similarly, a
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good understanding of soil thermal conductivity
principles, in the context of HVDC cables, are essential
for an efficient design.

Looking forward, European energy grid operators
envision the development of a comprehensive database
incorporating the soil TC test results from the
SuedLink project. Coupled with pedotransfer
functions, this database would streamline ground
exploration for future underground cable projects,
contributing to more efficient and cost-effective
designs.
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