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Abstract

Triassic sandstones of the Middle and Upper Buntsandstein are highly suitable

for ground source heat pump (GSHP) systems. Thus, knowledge of their thermal prop-
erties, which can be measured or estimated by theoretical models, is crucial. However,
the transferability of estimated thermal conductivities to the field scale has not yet
been thoroughly examined. Therefore, in this study, the thermal and lithological
properties of 156 core samples from a borehole in the Buntsandstein are analysed

in the laboratory. Various theoretical models are applied and compared to the labora-
tory-derived thermal conductivities. The best agreement is achieved with the Voigt-
Reuss-Hill model with an average thermal conductivity of 4.5W m~' K" and an RMSE
of 0.7W m™" K™ (T=20 °C). The results of this model are compared to depth-specific,
effective thermal conductivities from an enhanced thermal response test (ETRT). These
effective thermal conductivities range between 2.3 and 6.1 W m™' K™ with an average
of 47 W m™ K. We demonstrate that some theoretical models can provide an initial
estimation of the effective thermal conductivity of sandstones when groundwater flow
is negligible. However, the accuracy of the estimation is limited by sample quantity
and model assumptions.

Keywords: Enhanced thermal response test (ETRT), Porosity, Sandstone, Thermal
conductivity models

Introduction

Carbon dioxide emissions from heating-related energy consumption can be reduced sig-
nificantly by using shallow geothermal energy (Blum et al. 2010). Ground source heat
pump (GSHP) systems using borehole heat exchangers (BHE) are the most popular shal-
low geothermal installations (Acufna and Palm 2010; Bayer et al. 2012). To size GSHP
systems efficiently and ensure sustainable long-term operation, knowledge of the sub-
surface thermal properties at the system’s site is crucial, with the thermal conductivity of
the ground being the critical design property (Spitler and Gehlin 2015).

The Buntsandstein in the Central European Basin represents a significant geologi-
cal formation from the early Triassic (Soyk 2015). Due to its typically high thermal
conductivity (Franz and Schulze 2016; Haffen et al. 2017; Kdmmlein and Stollhofen
2019a), the Buntsandstein is a favourable host rock for shallow geothermal applications.
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Buntsandstein rocks were formed through diverse sedimentary environments and dia-
genetic processes, resulting in heterogeneous properties (Soyk 2015). Reported thermal
conductivity of saturated laboratory samples varied significantly between 1.7 and 5.8 W
m~ K™! at room temperature (Franz and Schulze 2016; Haffen et al. 2017; Kimmlein
and Stollhofen 2019a).

The standard method for determining thermal conductivity in the context of GSHP
systems is the thermal response test (TRT) (Spitler and Gehlin 2015), which produces
estimates of effective thermal conductivities ()Leﬂr) of the subsurface at in-situ conditions.
Further enhancements of the TRT were achieved by using fibre optic cables, which
enable the determination of depth-specific effective thermal conductivity (Wilke et al.
2020). The so-called distributed thermal response tests (DTRT) use distributed tem-
perature sensing (DTS) in combination with a circulating heat transfer fluid, whereas
enhanced thermal response tests (ETRT) combine DTS with a heating cable (Wilke et al.
2020).

The main disadvantage of in-situ TRTs is that they are expensive and time-consuming
(Abuel-Naga et al. 2009). A cost-effective alternative is to measure thermal conductivity
in the laboratory. The transient half-space probe line source method (e.g. Jorand et al.
2015; Kimmlein and Stollhofen 2019a) and the optical scanning method (e.g. Franz and
Schulze 2016; Popov et al. 1999) are commonly applied to measure the thermal conduc-
tivity of sandstones. Yet, only a few studies (e.g. Ma et al. 2022) compare ETRT results
with high-resolution borehole data from laboratory measurements.

As an alternative to in-situ TRTs or laboratory measurements, various theoretical
models were suggested to estimate the thermal conductivities based on petrophysical
properties, such as porosity and density, and mineralogy (see e.g. Clauser 2006; Fuchs
et al. 2013; Pauselli et al. 2021 and references therein). An extensive overview of different
models can be found in Abdulagatova et al. (2009). Commonly, these models are clas-
sified into mixing models, which are solely based on geometrical considerations, and
empirical models. The arithmetic, harmonic and geometric means are the most widely
used models among the theoretical models. These models use thermal conductivity
values of the individual rock components and their corresponding volume fractions as
input parameters. They differ in the assumption of the spatial distribution of the solid
components and the pore space, including the pore fluid. The arithmetic mean assumes
components arranged in parallel, with heat flow aligned parallel to them. In contrast, the
harmonic mean assumes heat flow perpendicular to the arrangement, whereas the geo-
metric mean model assumes a random distribution of components without a preferen-
tial alignment. Some theoretical models include an additional uncertainty factor related
to pore and particle structure expressed by an empirically derived constant. For exam-
ple, De Vries (1963) developed a semi-empirical model for unconsolidated materials
based on the Maxwell equation, which includes a shape factor g for oblate ellipsoids of
rotation. Pichugin et al. (2022) reviewed several studies that derive correction factors for
the geometric mean model. Thus, they obtained average correction factors ffor different
rock types and pore fluids. Sugawara and Yoshizawa (1961) empirically derived an equa-
tion for estimating bulk thermal conductivity from controlled laboratory measurements
using materials with defined geometry. Finally, they introduced an empirical constant #
that depends on pore geometry and tested it on sandstones.
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Further studies focused on developing empirical models for site-specific sandstones
(e.g. El Sayed 2011; Nabawy and Géraud 2016). From laboratory analyses of specific
sandstones, linear or log-linear relationships between thermal conductivities and mate-
rial properties were established by correlating petrophysical properties, such as porosity
and density, and mineral contents with measured thermal conductivities. For example,
El Sayed (2011) evaluated 35 samples of non-homogeneous, fine-grained sandstones
from the Bahariya formation (Egypt) to develop an empirical model based on poros-
ity, bulk density and permeability. Nabawy and Géraud (2016) evaluated 19 samples of
the Nubia sandstones (Egypt), which are characterised by high porosities (~25-39%), to
build an empirical model based on the mineral content (clay and quartz) and porosity.

The ability of mathematical models to accurately estimate thermal conductivities is
usually evaluated by comparing the estimated values against laboratory measurements.
However, estimated thermal conductivities have yet to be compared against field meas-
urements from depth-resolved TRT. Menberg et al. (2013) compared estimated ther-
mal conductivities from mathematical models (i.e. arithmetic, harmonic and geometric
mean; De Vries 1963) against depth-averaged effective thermal conductivity determined
with a conventional TRT. The best fit for the analysed unconsolidated sediments was
obtained with the geometric mean model.

This study focuses on analysing the thermal conductivity of Triassic Buntsandstein
sandstones. We identify theoretical models that can be used to determine the thermal
conductivity of the sandstones and yield comparable results to laboratory and field tests.
First, the material properties, mineralogy and thermal conductivity of core samples from
Triassic sandstones were measured in the laboratory. Known theoretical models were
then applied to estimate the thermal conductivities of the core samples and verified
against laboratory measurements. Finally, the estimated and measured thermal conduc-
tivities were compared to depth-resolved, effective thermal conductivities obtained with
an ETRT. Thus, challenges in comparing laboratory and in-situ thermal conductivities
are identified and discussed.

Study site and geological background

The study site is located in Neuweiler in the northern Black Forest, Germany (Fig. 1a),
where a borehole with a borehole radius of 0.089 m was drilled in sedimentary rocks of
the Lower Triassic. Stratigraphically, the rocks likely span from the Olenekium (251-
247.5 million years) to the Anisium (247.5-241 million years). They were encountered
in the locally mappable formation of the Upper to Middle Buntsandstein (Fig. 1c). From
0 to 35.3 m bgl, the “Plattensandstein” formation (Anisium) was encountered, including
two weathering horizons between 11.5 and 19.2 m bgl, and one paleosol between 23.4
and 25.6 m bgl. At 35.4-39.1 m bgl, another weathering horizon marks the transition
zone to the underlying “Kristallsandstein” sub-formation (Olenekium). The “Kristall-
sandstein” formation extends up to a depth of 50.9 m bgl, where another weathering
horizon initiates the “Gerollsandstein” sub-formation (Olenekium), which is encoun-
tered up to the final borehole depth. Generally, the upper layers are predominantly char-
acterised by fine sandstones with a high occurrence of mudstones in the first ten meters.
From about 42.2 m bgl, alternating strata of fine and medium sandstones are found. The
underlying layers are mainly characterised by medium sandstones. These sandstones are



Albers et al. Geothermal Energy (2025) 13:34 Page 4 of 21

a) b) c) d) e)
7 d,=178 mm
- 0m =] — —
|
=
- § N M
Z -2
T £ CE | |
10 m g g B : ?
. i 8 < IlO ' +
o Neuweiler = E I i
- Y
20 m & g I 10 I I
B = 5 =
By § =3 I g
2 5 2850m =7 I |
f) - 3om % E = | |
Hybrid-cable ~ Pt100-Sensor B P I 9 I I
om 55 I )
[~ m -1 1
25 848 Is I +
B E E S28 I 1
s g wn =
£ & £3 g I !
| E s B8 18
som 3§ X©<E i ¢
St NI
[ =1
g g £ s | |
- 60m = 2 £ - | I
. : s & S =15 2 : :
] 178 mm . - ‘m 9 =
RS i 8~ E Is : |
| -
70m & = 5 , {
B Mudstone/clay L -é =3 I I
B Siltstone e 14 | |
- 80 m o | |
B Sandstone = =1, I +
Gravel i © ii I |
® P(100-Sensor - 90 m = q : I
Sampled core sections -3 \ |
W with sample quantity i \ »
5N /
Hybrid-cable = 100 m . \
m ¢ -2 S’
169

Fig. 1 Overview of the study site in Neuweiler, Germany: a location, b borehole depth, ¢ stratigraphy with
geological profile including, d number of samples, e arrangement of the hybrid cable and temperature
probes (Pt100) and f schematic setup

strongly silicified within the “Kristallsandstein” formation (Giinther 2010). The uncon-
fined groundwater level was measured at a depth of 28.5 m bgl. In total, 169 samples
were collected from the drill cores (Fig. 1d), representing homogeneous sections of the
borehole profile. Since some samples were in poor condition, laboratory analyses were
feasible only on 156 samples.

Methods
The thermal conductivities of the Triassic sandstones were evaluated using several
methods. First, the thermal conductivities of the samples were measured in the labo-

ratory (A,,). In addition, petrophysical, mineralogical and structural properties of the

sat;

samples, such as porosity and bulk density, were determined. Then, the thermal conduc-
tivities (4,,) were estimated with theoretical models and compared with the laboratory

measurements. Finally, effective thermal conductivities (1,;) were determined with an

€

ETRT. The individual methods are described in detail in the following paragraphs.
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Laboratory analyses
Thermal conductivity was measured of samples at dry (oven drying at 105 °C) and at
saturated conditions. The samples’ minimum length was from 50 to 200 mm. They were
cut and polished to have three flat sides. To saturate the samples, the dry samples were
placed in a desiccator and vacuumed for four hours. Afterwards, the degassed samples
were immersed in degassed tap water for at least 12 h to allow for complete saturation.
Thermal conductivity was measured with the transient hot wire method as a half-space
line source using surface probes (ISOMET 2104, Applied Precision Ltd., Slovakia; meas-
urement accuracy provided by the manufacturer is 10%). Measurements were repeated
four times on each of the three flat sample surfaces, resulting in N=12 measurements.
Measurement uncertainties were calculated according to the Guide to the expression of
uncertainty in measurements (ISO IEC 98-3 2008). Considering a 10% accuracy of the
measurement device, the standard deviation and student-t-distribution, the measure-
ment uncertainty was between 10 and 11%. Table 1 summarises the determined material
properties and the corresponding measurement methods. All measurements were car-
ried out in accordance with the German Institute of Standardisation (DIN). The min-
eralogy of ten selected samples was determined by modal analysis using a polarisation
microscope (AXIO Scope.Al, Carl Zeiss Microscopy GmbH, Germany). The mineral
content was quantified by manual point counting.

Table 1 Petrophysical, mineralogical and structural analysis methods used on the Triassic sandstone
samples

Parameter

Method

Measurement uncertainty

Petrophysical analysis

Mineralogical analysis

Structural analysis

Water content w

Bulk densities p,, oy,

Solid density p,

Permeability K

Carbonate content CO;

Mineral components
(quantitative)

Average pore diameter dy,,
Average inner pore surface

A

pore

Texture

Grain size

Grain contacts

Degree of sorting and
roundness

Porosity and pore filling

Oven drying (DIN EN ISO
17892-1, Deutsche Norm
2015)

Immersion weighing (DIN
EN 1936, Deutsche Norm
2007)

Capillary pycnometer (DIN
EN 1936, Deutsche Norm
2007)

TinyPerm 3

Gasometric determina-
tion (DIN 18129, Deutsche
Norm 2011)

Polarisation microscopy

Mercury porosimetry (DIN
ISO 15901-1, Deutsche
Norm 2019)

Polarisation microscopy

+0.002 g accuracy of the
scale and 1% handling error,
N=1

+0.002 g accuracy of the
scale and 1% handling error,
N=1

+0.0005 g accuracy of the
scale and 1% handling error,
N=2

Standard deviation from 10
measurements at different
positions on the 1-6 sample
surfaces (N=20-60)

+0.0005 g accuracy of the
scale,+0.1 mL accuracy of
gas volume, N=2-4

Assuming a 10% error, N=2

Assuming a 15% error (based
on the deviation between
matrix densities from MIP
and solid density), N=1

N=number of measurements

Page 5 of 21
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The water content was analysed for the re-saturated samples. Based on the results of
the laboratory measurements, the open porosity ¢,,,., was determined from the evapo-
rable water content w at saturated conditions as follows (DIN EN 1936, Deutsche Norm
2007):

Wp4
Bopen = —2
open ow (1)
with p, being the dry bulk density and p,, being the density of water at a defined temper-
ature. Moreover, total porosity ¢ was determined from the solid density p, by applying
the following equation:

—1_ ("
o=1 <ps> @)

Theoretical estimation of thermal conductivity

The theoretical models used to estimate thermal conductivity are summarised in
Table 2. They are commonly used in literature and require a limited number of material
properties.

The mixing models assume fully water-saturated samples, with the thermal conductiv-
ity of the pore fluid (Af) equal to that of water (1,,=0.598 W m™* K™!at T=20 °C). The
thermal conductivity of the solid matrix A, was calculated with the geometric mean using
the thermal conductivities of the minerals A; provided in Table 3. The thermal conduc-
tivity of the lithic fragments was calculated estimating a composition of 80% quartzite,
15% mica and 5% claystone from polarisation microscopy. The mineral composition was
analysed in only ten samples representing homogeneous lithological zones. The average
matrix thermal conductivity of these ten samples was then adopted for the model evalu-
ation of the remaining 131 samples.

The semi-empirical models were evaluated by assuming empirical parameters using
the information available from the different studies. For the De Vries (1963) model, the
shape factors g;={0.75, 0.125, 0.125} are applied (De Vries 1963; Woodside and Mess-
mer 1961). In accordance with Pichugin et al. (2022), the correction factor f=0.65 was
applied to the weighted geometric mean model, assuming monomictic and saturated
sandstones. Sugawara and Yoshizawa (1961, 1962) derived two empirical constants # for
their model, which correspond to two different sets of sandstones, n=2.5 and n=2, and
were both adopted in this study.

Two empirical models developed for different sandstones were evaluated. To apply
the model by El Sayed (2011), porosity, bulk density and permeability were determined
according to the methods described in Table 1. Since the model by Nabawy and Géraud
(2016) is based on quartz and clay content, the model was only applied to the ten sam-
ples with evaluated mineralogy.

Field measurements

A double U-pipe BHE with an outer pipe diameter of 0.032 m was installed in the
borehole, which was grouted afterwards with a backfill material (Fillbinder H-hs
PLUS, Schwenk Zement GbH &Co. KG, A,,,,,>1.0 W m™ K™!). The BHE is equipped

grout =
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Table 2 Theoretical models to estimate thermal conductivities

Type Model
name

Equation

Assumptions and
reference

Mixing models  Arithmetic
mean

Harmonic
mean

Geometric
mean

Voigt-Reuss-
Hill average

Statisti-

cal spatial
distribution
mean

Hashin—
Shtrikman
upper
bound
Hashin—
Shtrikman
lower bound
Hashin—
Shtrikman
average

(Semi-)empiri-  de Vries

cal, considering

pore geometry

Weighted
geometric
mean

Sugawara
and Yoshi-
zawa

Empirical El Sayed

Nabawy and
Géraud

Jari = ¢)~f +(0 = ¢)/15

) (1=
Ageo = Zfﬂg &

AvRH = 045(/1:2!/? + }vhar)

Assp = v /lar/'/lhw

1

;Lu:;bs+¢( ! +

Af—24s

=+ (=95

Aave = 0»5(% + ;L/)

) Jf+(1—@)F1 A
s = L

SICERY

5 fa 1—f
Jest = 227D

;Lesr =(1 _A))»s +Alf

A=A -0 +or}

Jest = 3.003 4 0.533¢ + 0.044p, — 0.091/0gK

Aest = 0.0220z — 0.0456C/ — 0.069¢ + 3.18

—¢
34s

(14)

(15

Theoretical maximum,
heat flow parallel to a
layered material

Theoretical minimum,
heat flow perpendicu-
lar to a layered material

Mean constrained

within the bounds of
the theoretical mini-
mum and maximum

Mean of theoretical
maximum and mini-
mum, Hill (1952)

Assuming a layered
arrangement of
mineral components,
Pribnow and Umsonst
(1993)

Narrower bounds,
derived for effective
elastic moduli of a
multiphase material
of arbitrary phase
geometry, Hashin and
Shtrikman (1963)

Based on the Maxwell-
Eucken equation,
including a geometri-
cal shape factor g; of
the solid particles, De
Vries (1963)

Based on the geomet-
ric mean, including a
rock-specific empirical
f~constant, Pichugin
etal. (2022)

Empirically derived
model, including a
rock-specific empirical
n-constant, Sugawara
and Yoshizawa (1961)
Derived from 35 sam-
ples, El Sayed (2011)

Derived from 19
samples, Nabawy and
Géraud (2016)

Thermal conductivity of the pore fluid (A), thermal conductivity of the solid matrix (), quartz content (Qz), clay content (Cl),
porosity (¢), porosity measured with water injection (¢,,), permeability (K), bulk density (p,,)

with a hybrid cable, four optic fibres for temperature measurements and four cop-
per conductors as heating elements (Helukom® A-DSQ(ZN)B2Y, 1 x4 G 50/125 + Cu
4x 1.5 mm?, length=234 m), at the outside of one U-pipe (experimental setup see

Fig. le, f). The ETRT is conducted over the duration of about 186 h by applying an
average specific heat load of 32 W m™ (PowerTen Power Ten Inc. R66E-60220 DC

Page 7 of 21
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Table 3 Thermal conductivity values of the mineral components used for the calculation of matrix
thermal conductivities based on Schon (2011) and their estimated weighing factors

Mineral Thermal conductivity A; ~ Weighing factor [-]

Wm™K™]
Quartz 7.7 mineral content from polarisation microscopy
Feldspar (Microcline) 2.5 mineral content from polarisation microscopy
Lithic fragments, including: mineral content from polarisation microscopy
Quartzite 5.1 0.8
Mica ® 23 0.15
Claystone 20 0.05

2 value for muscovite

Power Supply, data logger ALMEMO 2590, AHLBORN). The specific heat load was
determined from voltage (accuracy+0.1% of the full-scale value of 200 V+2 dig-
its+0.03% of the measurement value+2 digits) and current (accuracy+0.1% of
the full-scale value of 200 mV +2 digits+0.03% of the measurement value+2 dig-
its+0.5% uncertainty of the shunt). The temperature was measured at 60 s intervals
using DTS with a measurement interval of 1 m (Agilent, AP Sensing, N4386B, dual-
ended measurement, measurement uncertainty provided by the manufacturer is +0.2
K).

As the hybrid cable was installed in a loop, the temperature data of two correspond-
ing length intervals of the optic fibre were averaged for each depth interval. The effec-
tive thermal conductivity (1,
as given in Egs. 16 and 17 (Carslaw and Jaeger 1959; Gehlin 2002):

4ot
qﬂ In| — | —v | +4qRu (16)
47I/Leﬁ" r,

. q AT
T NTYD)

ﬂ) was evaluated using the infinite line source (ILS) model

T(r,t) — Ty~

A (17)
T(rt) is the temperature at a defined distance r from the heat source and a specific
time ¢. T, is the undisturbed subsurface temperature at time t=0, and «a is the thermal
diffusivity calculated as:
)
a="L (18)
PCp
assuming a volumetric heat capacity of the subsurface pc, of 2.3 M] m~ K™ (Verein
Deutscher Ingenieure 2010). r;, is the borehole radius, R, is the thermal borehole resist-
ance, y is Euler’s constant and m is the slope of the linear regression line. The starting
evaluation time is defined by applying the theoretical criterion:

Pr?
Lstart = —£ (19)
o

where P=10 (Gehlin 2002). In accordance with the German technical guideline VDI
4640-5 (Verein Deutscher Ingenieure 2020), thermal conductivity was evaluated with

the sequential forward evaluation by iteratively increasing the number of the evaluated



Albers et al. Geothermal Energy (2025) 13:34 Page 9 of 21

datapoints. The resulting thermal conductivities were checked for independence of the
test time by applying the convergence criterion Al,4/A,;<0.05/20 h. The uncertainty
of the effective thermal conductivity from ETRT was calculated based on Witte (2013)
from the uncertainty of the specific heat load and standard uncertainty of the slope, add-
ing a 5% model error, and was about 9%.

Results and discussion

Laboratory results

The laboratory results are summarised in Fig. 2. A table including the values is also pro-
vided in the supporting information (Supplementary results, Table A-1).

The results indicate a large variability of thermal properties of the Triassic sandstones
(Fig. 2a), as also reported in literature (Franz and Schulze 2016; Kimmlein and Stoll-
hofen 2019a). The average thermal conductivity of saturated core samples is 4.6 W
m~! K™! with values ranging between 2.7 +0.28 and 6.4+0.6 W m™! K™%,

Porosities range between 5.6 +0.1 and 23.6 +0.4% (Fig. 2b). They are very strongly neg-
atively correlated with the dry bulk densities (Pearson correlation coefficient r=0.96),
as higher bulk densities are related to a denser packaging of the particles. The assess-
ment of the pore geometry shows average pore diameters ranging between 0.010 +0.001
and 1.04+0.16 pum with an average value of 0.14 um (Fig. 2e). The average inner pore
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Fig. 2 Petrophysical properties of the Triassic sandstones. Number of samples in italics and mean values in
red: a thermal conductivities, b water content and porosities, ¢ mineral contents, d densities, e permeability, f
pore diameter and inner pore surface from mercury intrusion porosimetry
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surface is 2.75 m* g™! covering a wide range of values from 0.06 +0.01 to 8.5+ 1.3 m* g™*
(Fig. 2f). The correlation with the laboratory-derived thermal conductivity of saturated
samples indicates decreasing thermal conductivities with increasing inner pore surface
(r=0.63).

The mineral contents of the ten representative samples vary only slightly (Fig. 2b). The
samples predominantly consist of quartz (82+8-95+10%), feldspar (especially micro-
cline, 3+£1-12+6%), clay (1.5+0.9-5.0+0.5%), carbonate (0.06+0.03%—55+5) and
lithic fragments (4+1%-10+1%). Hematite was found with contents<1%. As quartz
has a high thermal conductivity (7.7 W m™ K~! in Schén, 2011), higher quartz contents
result in higher matrix thermal conductivities and, therefore, in higher bulk thermal
conductivities. A correlation coefficient of r=0.80 (10 samples) is determined between
quartz content and saturated thermal conductivities. The repeated analysis of the min-
eral content shows a high uncertainty due to the heterogeneous distribution of the min-
erals in the optically homogeneous impression of the sample.

The permeability of the Triassic sandstones (Fig. 2d) shows a large variation with val-
ues ranging between 1.2+ 1.4 and 368 +213 mD and a mean value of 28.0 mD. The high
measurement uncertainties result from the measurements at different positions on the
sample surfaces. A corresponding median of 3.2 +2.7 mD indicates a strong skewness in
the distribution towards low permeabilities.

RMSE
Laboratory o b - - .
Voigt-Reuss-Hill average 0.7 —{E—
Hashin-Shtrikman lower bound 0.7 —
Sugawara and Yoshizawa, n = 2.5 0.8 N S
de Vries, g; = 0.75 0.8 '—EE)—'
Statistical spatial distribution mean 0.8 r—EEP—«
Geometric mean 0.8 o —{F }+—
Hashin-Strikman average 0.8 '—'—EE)—!
Sugawara and Yoshizawa, n = 2.0 0.8 o —{F 33—
Nabawy and Géraud 1.1 o —{dI}1—
Weighted geometrical mean, f= 0.65 1.2 Lo —{F
Hashin-Shtrikman upper bound 1.4 Lo —{F—
Arithmetic mean 1.6 o —F—
El Sayed 1.7 D :
Harmonic mean 1.8 T ——ee
L2 3 45 6 7
- - Average laboratory value Thermal conductivity A [W m 'K I]

Fig. 3 Thermal conductivities derived using various mathematical models sorted according to the root
mean square error (RMSE). The models are classified into theoretical (black), semi-empirical (green) and
empirical models (blue)
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Estimated thermal conductivity

The estimated thermal conductivities from the different theoretical models are illus-
trated in Fig. 3 and summarised in the supporting information (Supplementary results,
Table A-2). The model performance is evaluated by comparing the estimated thermal
conductivities and the laboratory results.

The average root mean square error (RMSE) of all applied models is 1.0 W m™! K™%,
The best agreement is achieved with the Voigt-Reuss-Hill model with an average esti-
mated thermal conductivity of 4.6 W m™! K™ and an RMSE of 0.7 W m™ K™, which
corresponds to 15% of the mean thermal conductivity measured on the samples. How-
ever, several models have acceptable RMSE <0.8 W m™' K™!, which accounts for < 18%
of the average thermal conductivity (Fig. 3). Among them are the statistical spatial distri-
bution mean, the model by Sugawara and Yoshizawa, the de Vries model, the geometric
mean model and the Hashin—Shtrikman average.

Mixing models

Figure 3 shows that models assuming randomly distributed components (geometric
mean, Voigt-Reuss-Hill average, statistical spatial distribution mean, average Hashin—
Shtrikman mean) are in good agreement with the average thermal conductivity of the
Triassic sandstone samples at saturated conditions. Porosity is an important influenc-
ing parameter in all theoretical models. However, the porosity value only provides one
bulk value of the percentage of the pore space, and does not take into account the topol-
ogy (connectivity), the geometry of the pores and the inhomogeneity of the pore space.
Yet, the characteristics of the pore space were shown to influence heat conduction (e.g.

. ' . 5 i - Y 7 ' 4!
Fig. 4 Exemplary polarisation microscopy images from thin sections, a arrangement of particles (bright
field, sample at 58.1 m), b inhomogeneity of pore size (bright field, sample at 100.1 m), ¢ varying degrees of
roundness (bright field, sample at 61.2 m), d varying pore filling (crossed polarisers, sample at 95.6 m)
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Albert et al. 2017; Midttomme and Roaldset 1998). To further investigate this influence
for the ten selected samples, polarisation microscopy was used to qualitatively assess
pore geometry and the matrix distribution (Fig. 4).

Figure 4a exemplary shows the arrangement of silt particles building the rock matrix.
Most samples showed an irregular distribution of the pore space and local accumula-
tion of smaller or larger grains (Fig. 4b). The degree of roundness, as well as the number
and kind of grain contacts vary widely (Fig. 4c, d). In theory, more contacts and a higher
contact surface result in higher thermal conductivities. Hence, in addition to absolute
porosity values, material properties such as grain size, pore size and particle contact area
are expected to be relevant input parameters for theoretical models. However, quantify-
ing such relationships using qualitative data from thin section analysis is challenging due
to the heterogeneity of the microstructure.

Previous studies also tried to quantify the effect of pore connectivity on thermal con-
ductivity. For example, a stronger effect of the pore shape on the thermal conductivity
was shown for samples with generally higher porosities (Ordonez-Miranda and Alva-
rado-Gil 2012). Moreover, Shen et al. (2021) tried to define pore connectivity through
the ratio of effective porosity (determined with mercury intrusion porosimetry) and
total porosity. They proposed a new model to estimate thermal conductivities based
on this relationship that could improve their estimation results (mean deviation<10%
for saturated samples). These models could potentially estimate thermal conductivities
more accurately, but require further laboratory measurements, such as mercury intru-

sion porosimetry, polarisation microscopy etc.

Semi-empirical models

The semi-empirical models intend to overcome the lack of knowledge on pore geom-
etry by deriving empirical parameters. By applying fitting parameters reported in differ-
ent studies (De Vries 1963; Pichugin et al. 2022; Sugawara and Yoshizawa 1962, 1961),
thermal conductivities were estimated with varying success (Fig. 3). The De Vries (1963)
model results in acceptable estimates with an RMSE of 0.8 W m~! K™, although thermal
conductivities are generally overestimated.

The correction of the geometric mean as suggested by Pichugin et al. (2022) gives a
worse fit than the original geometric mean model (RMSE of 1.2 W m™ K™! compared to
0.9 W m~! K1), Pichugin et al. (2022) aim at compensating an underestimation of ther-
mal conductivities with the geometric mean model by setting a fitting parameter of f<1.
However, the results of this study show a minor overestimation of thermal conductivities
(with an estimated average of 5.0 W m™! K1), indicating that a fitting parameter f>1
would improve the estimation.

The model of Sugawara and Yoshizawa (1961, 1962) is here applied with two different
fitting parameters, derived for two different sets of sandstones. Using a fitting parameter
of n=2.5, the average thermal conductivity of 4.9 W m~! K~ is closer to the laboratory-
derived thermal conductivity than using n=2.0, which leads to 5.1 W m~! K~!. However,
the RMSE is 0.8 W m™" K™! for both fitting parameters.
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Empirical models

The two selected empirical models assume linear or log-linear relationships between
material properties and thermal conductivities. Both show a large error for the estimated
thermal conductivities (Fig. 3). The model by El Sayed (2011) significantly underesti-
mates the thermal conductivities with an average value of 3.0 W m™! K™ and an RMSE
of 1.7 W m™! K™1. This model is based on porosity and dry bulk density, and therefore
on two significantly inter-correlated properties ("Laboratory results"). Furthermore, the
model is based on the decadic logarithm of permeability, which only weakly correlates
with thermal conductivity (r=0.43). Accordingly, the permeability does not significantly
impact the thermal conductivities of the Triassic sandstones evaluated in this study. As
thermal conductivity describes the ability of a material to conduct heat, and permeabil-
ity describes the ability of a material to transport fluids, both properties define the heat
transport properties of a medium. However, they have no clear physical relationship,
even if both can be interconnected by porosity.

The model by Nabawy and Géraud (2016) also underestimates the thermal conduc-
tivities with an average value of 3.8 W m™! K™'. As this model considers the quartz and
clay content, it was only applied to the ten samples with quantified mineralogy, which
reduces the statistical significance of the results. Moreover, in the selected samples, clay
does not occur in the form of distinct particles but rather in the matrix, which increases
the uncertainty of the mineral content.

In addition to the aforementioned limitations for applying the empirical models to
the samples of this study, our findings also suggest that empirical models derived for
a specific set of sandstone samples, cannot be easily transferred to other study sites or
other sandstones. Due to differences in sedimentation and consolidation processes, the
composition and properties of sandstones are very diverse, which hinders the transfer-
ability of empirically derived constants and relationships. In contrast, models based on
theoretical considerations, for example, of spatial particle distribution, can be applied to
different sandstones or different study sites to estimate thermal conductivities at a labo-
ratory scale within an uncertainty range of 15-20% (Fig. 3).

The limited number of samples analysed with respect to mineralogy is one major limi-
tation for comparing modelled thermal conductivities in this study. The estimated ther-
mal conductivities were calculated with an average matrix thermal conductivity when
applying the mixing models and semi-empirical models. The average matrix thermal
conductivity was determined based on the mineral content analysed for ten represent-
ative samples. The average matrix thermal conductivity is 6.9 W m™' K~! with values
ranging between 6.5+ 1.4 and 7.3+ 1.4 W m~! K™'. Hence, the range in matrix thermal
conductivities is smaller than the uncertainty in their determination. Estimated thermal
conductivities calculated with an average matrix thermal conductivity are compared
with those calculated from sample-specific matrix thermal conductivities in the Sup-
porting information (Fig. A-1 and Table A-3). This comparison demonstrates that the
simplified assumption on the mineralogy does not affect the conclusions drawn from
modelled thermal conductivities.
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Fig. 5 Comparison of the different methods to determine the thermal conductivities: a laboratory (A,,,) and
field values (A, b laboratory and estimated thermal conductivities applying the Voigt-Reuss-Hill average
(Aygy), € estimated (A1) and field values (the grey area indicates an error of 20%, the grey lines indicate
measurement uncertainties), d depth-specific results

Field results

The estimated thermal conductivities were compared to effective thermal conductivi-
ties measured in the field (Fig. 5). The average effective thermal conductivity evaluated
with the ETRT was 4.7 W m™" K™! with values ranging between 2.3+0.2 and 6.1 +0.4
W m™ K! (Fig. 2a). Effective thermal conductivities are compared with laboratory
values by individually attributing each laboratory value to the corresponding fibre
optic depth interval. The difference in the average values between the effective ther-
mal conductivities and the laboratory measurements is only 0.1 W m™' K™', In Fig. 5a,
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the laboratory-derived thermal conductivities are plotted against the effective thermal
conductivities.

Both, field and laboratory methods, result in similar value ranges with an RMSE of
0.7 W m™ K™% Only a few samples have an error>20% (Fig. 5a). The frequency dis-
tribution of the values is complementary shown as marginal distribution. The marginal
distribution of the laboratory values is narrower than the field values, which can also
be expressed by a lower standard deviation (0.6 W m~' K™') than that of the ETRT data
(0.9 W m~! K™!). This can partly be explained by the differing conditions in the labora-
tory compared to the field (defined measurement temperature, defined evaluated sample
material, solely heat conduction). However, the results also indicate that the laboratory
measurements are representative for the effective thermal conductivities of the study
site (Fig. 5a).

The marginal distribution of the estimated values using the Voigt-Reuss-Hill model
(Aygpp) is significantly narrower than the measured values (Fig. 5b, c), and the standard
deviation of the estimated thermal conductivities is comparably low, with 0.3 W m™*
K. About 18% of the samples show an error >20%. Potential explanations are linked to
the assumptions of the Voigt-Reuss-Hill model. The matrix thermal conductivities of the
samples are expressed by an average value of ten representative samples ("Theoretical
estimation of thermal conductivity"). Thus, thermal conductivities are mainly depend-
ent on the porosity of the samples. Hence, other possible influencing parameters or
conditions are neglected. Plotting the estimated thermal conductivities only for the ten
samples with known matrix thermal conductivities reveals that the uncertainty of the
assumption is smaller than the observed variability in thermal conductivity (Fig. 5d).

Moreover, Fig. 5¢ suggests a relation between the thermal conductivities and the bore-
hole depth which cannot be clearly observed in (Fig. 5b). In the deepest section of the
borehole, the effective thermal conductivities differ highly from the laboratory-derived
values. This can be related to the fact that towards the bottom of the borehole, the
assumption of an infinite line source is flawed. Here, heat can propagate not only hori-
zontally but also in vertical (i.e. downward) direction. This results in an overestimation
of the effective thermal conductivity. Moreover, larger deviations near the surface of the
BHE can be explained by high temperature differences within the first meters of the fibre
optic cable and due to surface effects (e.g. Galgaro et al. 2018).

Above the groundwater table, thermal conductivities are overestimated with the labo-
ratory measurements and the Voigt-Reuss-Hill model (Fig. 5d). This can be explained by
different water saturations in-situ compared to laboratory measurements and the condi-
tions assumed in the theoretical models. Laboratory measurements are conducted on
fully water-saturated samples, and for the theoretical models also full saturation of the
pore space is assumed. In theory, partial saturation could be considered in the math-
ematical models. However, measuring the in-situ water saturation of core rock samples
is experimentally challenging (Dalla Santa et al. 2022). By using the laboratory-derived
thermal conductivities of dry and saturated samples, a range can be defined for the ther-
mal conductivity of partially saturated samples.

Below the groundwater table (>28.5 m bgl), especially at depths>60 m, the effec-
tive thermal conductivities tend to be higher than laboratory-derived thermal con-
ductivities (Fig. 5d). This is likely related to groundwater flow which can enhance the
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effective thermal conductivities in the field. Previous studies showed that ground-
water flow can also impede evaluation of the TRT as results obtained from the ILS
approach show an increased sensitivity to the chosen evaluation time step (see e.g.
Albers et al. 2024; Angelotti et al. 2018; Katsura et al. 2006; Sanner et al. 2005; Ver-
doya et al. 2018). However, in this study, a valid evaluation with the ILS is obtained
with effective thermal conductivities converging towards a stable value for all depths
below the groundwater level. Hence, the higher values cannot clearly be attributed
to groundwater flow. Furthermore, it should be noted that the estimation of effective
thermal conductivities from laboratory measurements is limited to study sites with
negligible groundwater flow velocities as advective heat transport can significantly
increase the effective thermal conductivities determined with an ETRT (Albers et al.
2024; Dalla Santa et al. 2022; Luo et al. 2015).

Figure 5a, c show a cluster of effective thermal conductivities at around 5.1 W m™!
K1, which is not reflected in laboratory-measured and estimated thermal conductivi-
ties. An explanation for this observation can be found in the measurement principles
and the varying sample sizes. Laboratory measurements (and estimation using math-
ematical models) are point measurements, whereas the ETRT vyields average values
for 1 m depth intervals. Hence, small-scale changes in lithology, and therefore ther-
mal conductivities, which are represented by thin layers, cannot be properly resolved
with the DTS. This also leads to a smoother depth-profile for effective thermal con-
ductivity (Fig. 5d). The comparison between laboratory and field measurements is
further limited, as laboratory samples represent the lithology at the borehole, while
the ETRT analyses the rock volume outside of the borehole. The sample dimensions
are significantly different, with a few centimetres in the laboratory, opposed to a pen-
etration depth of the heat signal of about 1.7 m during the ETRT (as estimated with
the ILS model). Especially for sandstones, the properties can be horizontally and ver-
tically heterogeneous due to the variability in the sedimentation conditions and dia-
genetic processes.

One major limitation of this study is that the anisotropy of thermal conductivity is
not considered. Mixing models, such as the Voigt-Reuss-Hill model, assume isotropic
properties. Moreover, the surface probe used for thermal conductivity measurement
captures a mixed signal from heat flow in all spatial directions, yielding averaged
thermal conductivities. By measuring thermal conductivity at three perpendicular
sample surfaces, the heterogeneity of the sample is captured, but not the anisotropy
in thermal conductivity. In contrast, effective thermal conductivities from ETRT are
evaluated assuming radial heat flow. Thus, they represent horizontal thermal conduc-
tivities, which may result in higher values due to horizontal layering effects.

The method comparison shows that laboratory-measured as well as estimated ther-
mal conductivities of saturated core samples can represent the effective thermal con-
ductivities of the Triassic sandstones at the study site within an uncertainty of about
15-20%. No model is really satisfying. The “best” model shows an error >20% for 18%
of the analysed samples. The quality of the determined average thermal conductivities
for a study site depends on the number of samples. Even though the lithology is domi-
nated by sandstones, the obtained thermal conductivities range between 2.7+0.3
and 6.4+0.6 W m~! K™, With 156 core samples from one borehole, this study has an
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exceptionally high resolution over depth. Another limitation is the high uncertainty
in the mineral content, based on the analysis of two aliquots for only ten samples,
which impacts the thermal conductivity estimates. Additional mineral analyses could
reduce this uncertainty and strengthen the interpretations and comparisons.

The thermal conductivity values are generally within, but slightly higher than the
values reported in the literature, which vary between 1.7 and 5.8 W m~! K™! (Franz
and Schulze 2016; Haffen et al. 2017; Kimmlein and Stollhofen 2019a). The German
industrial guideline VDI 4640, part 1 provides thermal conductivities for sandstones
between 1.9 and 4.6 W m™! K. Our study shows that, for the Buntsandstein site, the
upper bound of this range serves as a good initial estimate.

Conclusion

The aim of this study is the determination of depth-specific thermal conductivities of
Triassic Buntsandstein sandstones. Hence, we obtained thermal conductivities from lab-
oratory analyses, theoretical models and ETRT, and compared the various approaches.
From this study, we conclude that:

1. Effective thermal conductivities range between 2.3 and 6.1 W m™' K~! with an aver-
age of 4.7 W m™' K™!, which makes the Triassic Buntsandstein highly suitable for
shallow geothermal systems, such as GSHP systems. The observed heterogeneity
highlights the importance of in-situ thermal conductivity determination for shallow
geothermal applications.

2. None of the applied theoretical models achieved satisfying results. The Voigt-Reuss-
Hill model achieved the best agreement with an RMSE of 0.7 W m™' K™'. Other
theoretical models that assume randomly distributed components (e.g. geometric
mean, statistical spatial distribution, Hashin—Shtrikman average) estimated thermal
conductivities with similar errors. This can partly be explained by the uncertainties
in mineral composition and the matrix thermal conductivity determination. Hence,
theoretical models only allow for an approximate estimation of thermal conductivi-
ties of studied Triassic sandstones.

3. Laboratory measurements and theoretical models achieved only a specific level of
accuracy with an RMSE of >0.7 W m™ K™}, when comparing them to effective ther-
mal conductivities from ETRT. The challenges of this comparison are demonstrated,
including differences in sampling and measurement principles, limited sample quan-
tity, varying saturation and the possible influence of groundwater flow.

Finally, the findings of this study highlight the importance of choosing an appropri-
ate method for evaluating the thermal conductivities of the Triassic sandstones. Labo-
ratory measurements and theoretical models were less effective compared to in-situ
measurements, such as the ETRT. Nevertheless, the comparison of different approaches
improved our understanding of the parameters and processes influencing the thermal
conductivity of sandstones.

Abbreviations
Ase  Average inner pore surface [m?g~']

bgl Below ground level
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BHE Borehole heat exchanger

cl Clay content [%]

CO, Carbon dioxide

CO; Carbonate content [%]

d Average pore diameter [um]
DTRT  Differential thermal response test
DTS Distributed temperature sensing

E Exponential integral

ETRT  Enhanced thermal response test

f Rock-specific empirical f-constant [-]
Fsp Feldspar content [%)]

g; Geometrical shape factor [-]

ILS Infinite line source model

K Permeability [mD]

m Slope [K In(s)™"]

n Rock-specific empirical n-constant [-]
q Specific heat load [W m™"]

Qz Quartz content [%]

r Pearson coefficient

RMSE  Root mean square error

ry Borehole radius [m]

Rock Lithic fragment content [%]

Ry Thermal borehole resistance [m KW™"]
SO, Sulphur dioxide

T Temperature [°C]

t Time [s]

Corart Theoretical starting time criterion [s]
Ty Reference temperature [°C]

TRT Thermal response test
UN United Nations

w Water content [%]
z Depth [m]
a Thermal diffusivity [m? s~']

y Euler's constant

A Thermal conductivity [W m~' K~']

Agri Thermal conductivity calculated with the arithmetic mean [W m~' K=']

A Thermal conductivity calculated with the Hashin-Shtrikman average [W m~' K~']
A Laboratory-measured thermal conductivity of a dry sample [W m™' K™']

dry
)\eﬁy Effective thermal conductivity [W m™" K™']
Aost Estimated thermal conductivity [W m~" K=']
Ar Thermal conductivity of the pore fluid [W m™" K]
)\gw Thermal conductivity calculated with the geometric mean [W m~' K]
Agout Thermal conductivity of the grouting material [W m™" K™']
Mar Thermal conductivity calculated with the harmonic mean [W m~" K=']
A Thermal conductivity calculated with the Hashin-Shtrikman lower bound [W m=" K]
A, Thermal conductivity of the solid matrix [W m™' K™']
Asat Laboratory-measured thermal conductivity of a saturated sample [W m~' K™']
Assp Thermal conductivity calculated with the statistical spatial distribution mean [W m=" K=']

Thermal conductivity calculated with the Hashin-Shtrikman upper bound [W m=' K~']
My Thermal conductivity calculated with the Voigt-Reuss-Hill model [W m~" K~']

Viies Thermal conductivity calculated with the de Vries model [W m~' K=']

04 Wet bulk density [g cm™]

04 Dry bulk density [g cm™]

0 Solid density [g cm™]

P Density of water [g cm™;

oc, Volumetric heat capacity of the ground [J m™ K™']
[0) Total porosity [%]

Popen Open porosity [%
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