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Abstract: Ground-source heat pumps with borehole heat exchangers (BHE) are an efficient and
sustainable option to heat and cool buildings. The design and performance of BHEs strongly depend
on the thermal conductivity of the subsurface. Thus, the first step in BHE planning is often assisted
by a map representing the thermal conductivity of a region created from existing data. Such estimates
have high uncertainty, which is rarely quantified. In addition, different methods for estimating
thermal conductivity are used, for example, by the German federal states, resulting in incomparable
estimates. To enable a consistent thermal conductivity estimation across state or country borders, we
present a workflow for automatically estimating the thermal conductivity and its uncertainty up to
user-defined BHE lengths. Two methods, which assess the thermal conductivity on different scales,
are developed. Both methods are (1) based on subsurface data types which are publicly available
as open-web services, and (2) account for thermal conductivity uncertainty by estimating its lowest,
mean, and maximum values. The first method uses raster data, e.g., of surface geology and depth
to groundwater table, and provides a large-scale estimate of the thermal conductivity, with high
uncertainty. The second method improves the estimation for a small, user-defined target area by
calculating the thermal conductivity based on the available borehole data in that area. The presented
approach’s novelty is a web-based geodata infrastructure that seamlessly connects data provision
and calculation processes, with a geoportal as its central user interface. To demonstrate the approach,
we use data from the federal state of Hamburg and compare the results of two target areas with the
thermal conductivity estimation by the Geological Survey of Hamburg. Depending on the selected
region, differences between the two estimates can be considerable (up to 1.2 Wm~1K~1). The
differences are primarily due to the selection of the thermal property database and the consideration
of wet and dry rock. The results emphasize the importance of considering and communicating
uncertainty in geothermal potential estimates.

Keywords: geothermal potential mapping; borehole heat exchanger; GSHP; thermal conductivity;
uncertainty

1. Introduction

Fifty percent of the total energy consumption in Europe is used for heating and cooling
applications [1], and in private households it is even more than seventy percent [2]. To
date, fossil fuels still provide the majority of the thermal energy consumed [1]. An energy-
efficient alternative for providing heat and cold with less emissions are ground-source
heat pumps (GSHP) [3,4]. They employ the relatively constant temperature in the shallow
subsurface, which is around 10-12 °C in Germany. This temperature level can be used
for heating in combination with a heat pump and for direct cooling (free cooling). For
extracting heat from the ground, different methods are used, such as closed-loop systems
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or geothermal doublets. Most commonly, borehole heat exchangers (BHE) are used, which
are closed pipes inserted vertically into the ground and through which a fluid circulates to
extract heat from the subsurface.

The performance of BHEs depends on the ground heat exchange rate at site. The
heat exchange rate, in turn, depends on operational and technical parameters of the GSHP
system, as well as on the thermal properties of the subsurface [5]. When designing GSHPs,
knowledge of the thermal properties is most important, because they determine if the
amount of heat extracted by BHEs can be replenished by the rocks underground. Thereof,
the thermal conductivity, i.e., the ability of a rock to conduct heat, is the most sensitive
parameter for the BHE performance (e.g., [5-7]). The most precise estimate of thermal
conductivity is obtained by conducting a thermal response test (TRT) within a borehole at
site.

Because TRTs require drilling and are expensive, geothermal potential maps support
the initial planning process of a geothermal installation. They hint towards the possible
ground heat exchange rate at site. Because the term “geothermal potential” is not clearly
defined [8], existing maps show various quantities, for example:

*  subsurface parameters such as thermal conductivity and temperature [9-14],

*  subsurface parameters combined with operational and technical parameters, for ex-
ample the heat extraction rate [15-17], or the technical potential [18-26],

*  subsurface, operational and technical parameters combined with the heating demand,
resulting in the techno-economic potential [17,27-29].

Such geothermal potential maps have been created at various scales and with varying
degrees of complexity. They are available, for example, on European scale [30,31], regional
scale [16,32], and urban scale [8,33,34].

Despite the variety of geothermal potential maps, all approaches require an estimate
of the thermal conductivity of the subsurface. This is commonly achieved by inferring the
stratigraphic sequence a BHE would intersect using already available data, e.g., borehole
databases and hydro-geological maps, and assigning thermal conductivities to the strati-
graphic units. The values either come from laboratory measurements on samples taken in
the study area [9,18,19,23,35] or published data compilations on these lithologies [21,22,36].
Literature values are, for example, given by the widely-used guidelines VDI4640 [37],
ASHRAE [38] or other thermal conductivity databases [39].

We identify two issues with existing thermal conductivity estimation approaches. First,
the calculation methods are tailored to the available subsurface data. This complicates
both the application to other areas and the comparison of the geothermal potential of
different regions. For example, in Germany, almost each of the 16 federal states has
created its own geothermal potential map with a different methodology (Appendix A
Table Al). Second, and more important, most of these studies disregard the considerable
uncertainties involved in the estimation of the thermal conductivity based on existing
data. Uncertainty mostly arises from assigning thermal conductivities to stratigraphic
units [40]. This is because the effective thermal conductivity of a rock depends on the
mineralogical composition, the porosity, and the water content [41-43]. In the subsurface,
these parameters are heterogeneously distributed, which is why even thermal conductivity
measurements on one rock type often show a huge spread [13,39,44]. Consequently, using
one average thermal conductivity to represent an entire stratigraphic unit results in a high
uncertainty. Because this uncertainty is not quantified, BHE fields are often over-sized and
thus expensive. This is especially an issue for smaller BHE fields, where no TRT is carried
out.

To overcome these issues, we present a methodology for predicting the effective
thermal conductivity of the subsurface with quantified uncertainty. The method takes
as input only publicly available and standardized hydro-geological and geological data
types, to enable applicability to datasets of different regions, e.g., all German federal states.
A web-based geodata infrastructure connects data provision, calculation processes and
stores as well as provides calculation results, while a geoportal serves as user interface and
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visualizes input data and results. This infrastructure automatizes the cumbersome step of
geological data gathering for subsequent thermal-conductivity assessment and ensures that
the data is always up to date. Methods for thermal conductivity estimation are introduced
on two different scales. The first method is on a large scale, for example a federal state, and
provides a first estimate of thermal conductivity. The second method updates the large-
scale estimation in smaller target areas of particular interest, such as a small residential area.
The focus of both methods lies on the consideration and communication of uncertainty in
the assignment of thermal conductivity.

We demonstrate the approach using data from the federal state of Hamburg. However,
it can be applied to all regions for which input data are publicly available. Finally, we
compare our thermal conductivity estimates with thermal conductivity maps published by
the federal state of Hamburg.

2. Data and Methods

In this chapter, we first provide an overview of the input data used to estimate thermal
conductivity. We then explain the two methods for estimating the thermal conductivity
and uncertainty, before introducing the geodata infrastructure.

2.1. Input Data

For estimating thermal properties, data containing information about the stratigraphy
and water saturation in the subsurface are required, e.g., geological maps, borehole data,
and hydrogeological data. Subsurface data is commonly available at different scales and at
different authorities. In Germany, for example, state geological surveys are responsible for
collecting and providing subsurface data. Both raw data, e.g., borehole data, and interpreta-
tions, such as geological maps, are available. Due to recent changes in the legal framework
concerning geological data, this data is now publicly available (Geologiedatengesetz [45]).
In combination with the ongoing process of digitalization, the law allows to design auto-
matic workflows based on digital geological data. Here, we use six common subsurface
data types (Table 1), which we group in four classes: borehole data, geological maps,
elevation maps, and groundwater data.

Borehole databases are the most important input data type, because they are the only
source of direct subsurface data. Containing lithologic descriptions along boreholes, they
are required to assign thermal conductivities to petrographic units. The format of borehole
databases is inconsistent throughout Germany, and different encoding standards are used
(e.g., DABO, SEP3).

Geological maps are inferred from borehole data and mapping campaigns. They contain
the distribution of geological units in 2-D at interfaces, most commonly the Earth’s sur-
face (surface geological map). Geological maps are also available for boundaries between
structural units, for example, the quaternary base, which often corresponds to the base
of unconsolidated rock (depth geological map). Both the surface geology and the depth
geology help obtaining a large-scale estimate of thermal conductivity, especially in areas
where borehole information is not available or the boreholes are not deep enough to cover
the entire BHE length.

Elevation data are required to support the surface and depth geology with depth informa-
tion. While the elevation of the Earth’s surface is relatively certain, the depth of structural
boundaries (quaternary base) is only inferred and thus more uncertain.

Groundwater data shows the depth from the surface to the groundwater table. Groundwa-
ter contour maps are derived from groundwater observation wells, oftentimes averaged
over several years. The data allows to distinguish between the saturated and unsaturated
zone. While the saturated zone is always wet, the unsaturated zone can contain seepage
water, but is often dry. For simplicity, this study refers to the rock above the water table as
dry and below as wet. The distinction is important because wet rock has a higher thermal
conductivity than dry rock.
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Except of borehole databases, all input data are cartographic data. Table 1 gives
a summary of the input data. For demonstrating the thermal conductivity estimation
approach, we use data from the federal state of Hamburg. Hamburg, a small German state,
has made its geodata openly available online. Figure 1 shows the six input data types for
Hamburg.

Table 1. Overview of input data.

Dataset Description

distribution of petrographic units in 2-D at the Earth’s surface (including
loose rocks and soil deposits thicker than 1.5 m)
distribution of lithologic or petrographic units in 2-D at a characteristic

Surface geology

Depth geology boundary, oftentimes transition between loose and hard rock
Elevation model relief at the Earth’s surface
Quaternary base often represents the relief at the interface between loose and hard rock

Depth to water table ~ average distance to water table
position, elevation and length of boreholes, and lithologic descriptions

Borehole database along borehole profiles

Surface geology Depth (quaternary) geology Elevation model

Il finesand lower
silt and lignite Meters a. s. I.
finesand sands

0 100
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Figure 1. Visualization of the six input data types (Table 1) for the federal state of Hamburg. Borehole
data is shown for a small sub-region only.

2.2. Methods for Estimating the Thermal Conductivity

We use two methods to estimate the average thermal conductivity of the subsurface,
i.e., we estimate it on two different scales:

1.  onalarge scale with low resolution, which covers the entire study area (Hamburg)
and uses 2-D data only,

2. on asmall scale with high resolution, which additionally takes the borehole database
as input.

Both approaches first infer the local stratigraphic sequence a BHE would intersect,
which is described for the two methods in detail below. The stratigraphic sequence then
gets assigned thermal properties. This is achieved with a thermal property mapper (TP
mapper). The TP mapper links the petrographic descriptions given in the thematic maps
and in the borehole database to thermal properties. It is a simple tree data structure with
nodes for different lithologic IDs corresponding to different rock types. Every node has a
collection of rock properties. For example, there are nodes for the thermal conductivity, the
heat capacity, and the density. Nodes for other properties can easily be appended.
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The TP mapper obtains its data from a thermal property database, in this study, the
German guideline VDI 4640 sheet 1 [37]. It provides a collection of measurement-based
values of thermal conductivity, heat capacity and density for 30 rock types, grouped by
unconsolidated, sedimentary, magmatic and metamorphic rocks. For unconsolidated
rocks, the VDI 4640 distinguishes between wet and dry rock, as here in particular the
thermal properties depend on the water saturation. For every rock type and saturation, a
recommended (mean), a minimal and maximal thermal conductivity are available. When
the TP mapper is applied to a stratigraphic sequence, e.g., from a borehole interval, each
interval is assigned three thermal conductivity values (mean, min., and max., Figure 2). The
structure of the TP mapper allows for an easy addition or replacement of rock properties,
for example, with other thermal property databases (e.g., [39]) or laboratory measurements.

Borehvo(ls%v S
- min.: 1.6
i TCm r TC clay/silt %:] mean: 1.8
Fine gravel C appe y mean: 14

Lithologic ID: 101
—name: clay/silt |_' dry| ®

: : - min.: 1.1
: Silty clay, : thcond min. _mean max. mean: 1.8
Dsandy ! L= wet+ Il ] max.: 3.1
77777777777777 ——thcap

6 133 4

TC Wm 'K

Sand

Figure 2. Translation of stratigraphic sequences to thermal conductivities. A petrographic term from
a borehole interval is assigned to the closest lithologic ID in the TP mapper. Next, either wet or dry
properties are assigned to the sequence, depending on the groundwater level.

2.2.1. Large-Scale TC Estimation

A large-scale estimate of the thermal conductivity in an area, e.g., for Hamburg, is
obtained using the cartographic data only. The two geological maps (surface and depth
geology) provide a large-scale overview of lithologies at the surface and the quaternary base.
Assigning TC values to lithologies in geological maps is a simple and common method to
obtain the TC distribution of larger areas (e.g., [31]). This approach is modified to use both
geological maps as input. For that, the maps and their elevation data are combined in a
plane model. This results in a pseudo-3-D model where the surface geology extends from
the topography to the quaternary base, and the depth geology from the quaternary base
to the BHE length (Figure 3). In regions with a deep Quaternary base, this leads to a thick
sequence of pre-quaternary geology that is not realistic. Thus, we assume that the surface
geology extends only to a depth of 15 m. Although the depth is arbitrarily chosen, it is
considered a good compromise between accounting for surface geologic features on the
one hand and avoiding unrealistically thick surface sediments on the other. After a depth
of 15 m, we assign a mean value of all lithologic units at the surface as a background value.
Next, the three units (surface geology, background geology, and depth geology) in the layer
model are split into their “wet” and “dry” parts using the groundwater data (Figure 3). This
allows the determination of the apparent thickness of each of the six units at every location
on a 50 x 50 m raster covering the entire area of Hamburg. The apparent thickness at each
location is input to the TP mapper, and the resulting thermal conductivities are weighted
with the unit thickness, thus yielding the min., mean and max. thermal conductivity.
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Figure 3. 2-D section trough a subset of the cartographic data to visualize the methodology used for
the large-scale TC estimation.

2.2.2. High-Resolution TC Estimation in a User-Defined Target Area

Because the large-scale approach gives only a very coarse estimate, the high-resolution
approach estimates the TC with higher resolution within a small, user-defined target area.
This requires more computational effort, but gives the best possible prediction of TC for
the target area by using the borehole database. The workflow starts with parsing the
lithologic descriptions in the borehole data to map them to the closest lithologic ID in
the TP mapper. Boreholes shorter than the BHE length are complemented by the model
obtained from the cartographic data (Figure 4a). This results in a geological profile up to
the BHE length (Figure 4b). In the profile, every borehole interval is assigned a wet or
dry label using the groundwater data. Next, the profile is input for the TP mapper, which
yields a thermal conductivity profile along the borehole (Figure 4c). Finally, the minimal,
mean and maximal borehole thermal conductivity is calculated by thickness-weighting the
thermal conductivity of each layer (Figure 4d). These steps are carried out for all boreholes
within a target area.

a Borehole Map data b Combined profile c, TC profiles
|
|
|
| d Borehole TC
W |
I AT
I .
i !
i | 34 !
1 : _ max: 2.6
o’ [L :
€ combining TP mapper ,E \ weighting Tz )
o
=) ,': 1' = mean: 1.6
1
|
I 1] Bmin: 1.1
1 | )
[ :
! | '
S I.I il 0 }
|
I
I background | | = mean
I sand ! == min.
QB clay/silt . || - = max

Figure 4. Estimation of the mean thermal conductivity of a borehole. Abbreviations: QB: Quaternary
base, GW: groundwater level.

For visual results inspection, we extrapolate the borehole profiles in their vicinity
by selecting a circular area around each borehole. The extrapolation’s radius equals the
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borehole length. Thus, the size of the circle reflects data coverage, because estimates from
longer boreholes are more noticeable than those from shorter boreholes. Within each
circle, the extrapolated borehole profile is supplemented with cartographic data from the
surrounding area. The profiles within the circular area are input to the TP mapper, resulting
in a min., mean and max. TC prediction in the vicinity of the boreholes. These values are
written in grids with the extent of the target area and a resolution of 10 x 10 m. Because the
boreholes are sorted by ascending length, values from longer boreholes overwrite values
from shorter boreholes.

Result of the high-resolution approach is on the one hand the combined input data for
the selected target area, and on the other hand the result of the TC prediction. The output
grid is provided as a geotiff, while non-cartographic results are given as a PDF report. It
contains information about the number and length of boreholes in the target area as well as
visualizations of (1) the min., mean and max. thermal conductivity estimated around the
boreholes, and (2) a comparison to the large-scale thermal conductivity estimate.

2.3. Web-Based Geodata Infrastructure

A geoportal respresents the central user interface of the web-based geodata infrastruc-
ture. Accessible in a webbrowser, it is meant for

1. data visualization,

2. data management and acquisition,

3. process management for high-resolution thermal conductivity estimations,
4. visual inspection of the results.

In the geoportal, the user can activate all available data sources (Table 1), e.g., bore-
hole positions or the depth to groundwater, which are then superimposed on a base map
(Figure 5). The geoportal is also responsible for initiating high-resolution thermal conduc-
tivity estimations. Further details on data and process management are given below.

Data connections Geoportal Process managemeni ) TC estimation
WebServer Task oo
: assign Jo
JARACHE = queue o
3 pdf BWPS
bo(;zl;\aole response Processes j%c:)St Compute
& resource
. gupdate | high-resolution E
E— >
initiate TC estimation XeCUte_s
calculation
request
WMS
GeoServer & __Temporary
response EE
GeoServer
‘b q“e”eE results

upload geotiff

Figure 5. Overview of the web-based geodata infrastructure. Left: data connection to geodata servers,
right: geodata infrastructure including asynchronous process communication.

2.3.1. Data Management

Both visualization and calculation processes access data directly from geodata servers
through standardized web services, instead of storing the required data in a dedicated
database. Interoperability is given due to well-defined interfaces of the Open Geospatial
Consortium (OGC). The OGC provides several Open Web Services (OWS) that enable a
standardized exchange of geospatial data via the World Wide Web. Cartographic data, such
as geological maps, are visualized via Web Map Services (WMS), semantic data, such as
borehole databases, are accessed via Web Feature Services (WFS) and geospatial processes
are invoked by Web Processing Services (WPS). Accessing data directly using OWS ensures
the highest possible level of data up-to-dateness.
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2.3.2. Process Management

The user can initiate a high-resolution TC estimation from the geoportal. As the TC
estimation can be costly in terms of resources, the task is mediated towards a dedicated
computing resource. The architecture applied for this was proposed in [46] and rests on
PyWPS [47] (implementation of the OGC WPS) as interface, RabbitMQ [48] as message
broker to allow for realization of a remote procedure call pattern, and a GeoServer [49]
instance to provide geospatial results via a WMS (Figure 5).

In the geoportal, the user can draw a target area, which is used as a boundary to access
the data from the OWS. Furthermore, additional parameters can be submitted, such as the
BHE length. When the user initiates the computation, the geoportal requests data within
the target area from the geodata servers. Next, it constructs a WPS request, containing both
user-defined input parameters and requested data. The WPS is forwarded to a server that
operates the PyWPS. The task is then sent to a RabbitMQ message broker, which mediates it
further to the processing unit where the high-resolution TC estimation takes place. Progress
messages are communicated back via the message broker and stored at the PyWPS server
so that the geoportal can request the process status.

Upon successful completion, both the geotiff containing the high-resolution mean
thermal conductivity estimation and the PDF report are sent back to the PyWPS server via
the message broker and are provided to the user in the geoportal. For that, the geotiff is
uploaded to the GeoServer, which then allows for requesting the result as a map overlay
via a WMS. The PDF report can be accessed from the geoportal via the internal Apache
(https:/ /httpd.apache.org/, accessed on 8 May 2022) webserver of the PyWPS.

3. Results

The large-scale and high-resolution TC prediction methods were applied using data
from the federal state of Hamburg and results are shown for BHE lengths of 40 m and
100 m. The results are then compared to thermal conductivity maps published by the
federal state of Hamburg [50], which will be referred to as TCHamburg- The maps of
Hamburg were created based on a collection of laboratory measurements of the thermal
conductivity of water-saturated core samples from the Hamburg area [50]. The measured
thermal conductivities were assigned to boreholes deeper than 40 m and the resultant
thermal conductivity profiles extrapolated in a structural model. By cropping the model
at depths of 40, 60, 80, and 100 m, four maps were created, which are available as WMS
(https://geodienste.hamburg.de/HH_WMS_Geothermie, accessed on 8 May 2022). We
compare our results to the 40 m and 100 m maps, respectively.

First, we show the min., mean and max. TC map of the large-scale prediction for a
BHE length of 100 m (TCys). Based on the comparison to TChampurg, We identify two areas
for the high-resolution thermal conductivity estimation (TChigh-res) and show the results in
the second section.

3.1. Results of Large-Scale TC Prediction

The large-scale TC estimation workflow using data from Hamburg reveals the mini-
mum, mean and maximum thermal conductivity up to a depth of 100 m (TCyg, Figure 6A).
The spatial distribution of thermal conductivity corresponds to characteristic boundaries
in the cartographic data, e.g., boundaries of geological units in the surface geological
map (compare Figure 1). Lowest thermal conductivity values are reached in the south,
where the depth to water table is highest. The mean (TCgean) distributes around
(1.9 +£02) Wm~1K~!, the minimum (TCjg.pnin) around (1.440.2) Wm~1K~1, and the
maximum (TCjg_pax) around (2.8 4 0.2) Wm~! K~ (Figure 6C).
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Figure 6. Thermal conductivity estimates for a BHE length of 100 m for the federal state of Hamburg,.
(A) result of the large-scale TC estimation, (B) TC map published by Hamburg, (C) histogram of TC
values of the four maps, (D) difference between TChampurg and our mean estimate (TCjs.mean) and
location of target areas of the high-resolution approach.

TCHamburg sShows a different pattern than our TC prediction (Figure 6B). Instead of
smooth shapes with anomalies, the map generally appears noisier. The mean TC lies with
(2.20 £0.35) Wm ™! K~! between TCjg.mean and TCig_max (Figure 6C).

The difference between TCHampurg and TCls.mean is shown in Figure 6D. While in the
central part of Hamburg, TCys is higher than TChampurg (blue), it is lower in the outer
areas (red). Nonetheless, in 96.9% of the area, TCHamburg lies within the boundaries of our
prediction, i.e., between our TCjs pin and TCjs max- In 1.6% of the area, TCampurg is higher
than TCjs max and in 1.5% of the area TCHamburg is lower than TCjg yn-

3.2. Results of High-Resolution TC Estimation for Specific Target Areas

We have chosen two regions and BHE lengths for the high-resolution TC estimation,
which are marked in Figure 6D. Region 1 was chosen because of the high uncertainty of
the large-scale estimate (more than 2 Wm ™! K~! for a BHE length of 100 m), and region 2
because of the high deviation to Hamburg of around 1.2 Wm~!K~! for a BHE length of
40 m.

For both regions, the data (i.e., borehole intervals, depth to water table, quaternary
base and geological maps) were requested from the geodata servers and combined in a
3-D block model for visualization and data quality control (Figure 7). Region 1 has an area
of 0.37 km?. Eleven boreholes are longer than 15 m, of which three cover the entire BHE
length of 100 m. The groundwater level is right below the surface and the quaternary base
is deeper than 100 m. Region 2 extends over an area of 0.08 km?. Fifty-three boreholes
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longer than 15 m are openly available. The groundwater table is around 10 m below the
surface and the quaternary base at 30-40 m. Here, seven boreholes cover the entire BHE
length of 40 m.

Region 1 som — 690 1,

Region2 ;o m 300 m

I topography
I groundwater
I quaternary base
B BHE end

Figure 7. Input data for the two target regions, combined in a 3-D model. The legend of the borehole
stratigraphies is shown in Figure 8.

Figure 8 shows for both regions the estimated min., mean and max. TC and the corre-
sponding borehole stratigraphy and thermal conductivity profiles below. The boreholes
are shown with ascending length. In region 1, seven boreholes are between 15 and 20 m
long and thus do not cover the BHE length of 100 m. They were supplemented with
the background value of the surface geology. For these boreholes, the spread between
minimum and maximum TC is high, around 1.5 Wm ™! K~!. Towards longer boreholes,
where detailed stratigraphic information is available for the entire BHE length, the spread
between minimum and maximum decreases. The figure also shows the range and mean of
the large-scale TC estimation at the borehole positions (A, in gray). With the high-resolution
TC estimation, those mean values get updated towards a slightly higher thermal conductiv-
ity, while the range between minimum and maximum decreases. This way, the mean also
moves closer to TChampurg, Which is shown as light-blue lines.

In region 2, (Figure 8), the groundwater level is shallower and more borehole data
is available. Compared to TCy, the spread between minimum and maximum decreases,
likewise to region 1. However, the mean gets only slightly updated towards higher values.
Compared to TChampurg, Our mean is still significantly lower, and TChamburg is for some
boreholes even higher than the maximal TC prediction of the high-resolution approach.

Besides these two regions, we studied additional target ares with different characteris-
tics in regard to surface geology, depth geology, groundwater level and quaternary base,
for BHE lengths of 40 and 100 m. The comparison to TCjyge-scale Shows that oftentimes,
the spread between minimum and maximum predicted TC is reduced, especially for long
boreholes. However, this effect is less pronounced for complex borehole stratigraphies.
Compared to TChampurg, our mean TC is generally lower.
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Figure 8. (1a,2a): Mean, min, and max TC value predicted at each borehole in region 1 (top) and

region 2 (bottom) shown in red, and comparison to TCys (gray bars) and TCy,,p,, as blue lines. (1b,2b):

Corresponding borehole and TC profiles. The x-axis of the TC profiles ranges from 0 to 4 Wm~1 K~1.

For visualization purposes, we show only the 15 longest of in total 53 boreholes in region 2.

4. Discussion

4.1. Discussion of Results

The results of the large-scale approach provide a first estimate of the mean thermal
conductivity, with an oftentimes considerable spread of up to 2.5 Wm ™! K~! between
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the predicted minimal and maximal TC. When the water table is in the middle of the
borehole, the spread is especially high. This is because when averaging the borehole TC,
equal weight is given to the contrasting properties of wet and dry rock. The deviation to
Hamburg is significant in some parts of the city, our mean lies partly below and partly
above TCHampurg- In the central part it is often higher, while it is mostly lower in the
peripheral areas. The cause of the discrepancy in the central part is probably that the
quaternary base is deeper than 100 m and the water table is just below the surface (compare
Figure 1). Thus, the outcome of our prediction depends solely on the surface geology. The
discrepancy in the periphery is also due to the dependence of the approach on the geologic
maps, because in contrast to the borehole data used in the Hamburg and high-resolution
approach, the geological maps do not account for small-scale heterogeneity. As maps
result from interpolation, they are subject to uncertainty themselves and do not reflect all
variability of the subsurface. The strong dependence of TC on the geological maps is a
major weakness of the large-scale approach, especially when the quaternary base is deep.

The high-resolution approach overcomes this issue by additionally taking the borehole
data into account. Here, similar to the Hamburg approach, small-scale variations in the
3-D stratigraphy are considered. Consequently, the high-resolution approach brings our
mean thermal conductivity estimate closer to TChampurg. In addition, the spread between
minimal and maximal predicted TC decreases. However, this observation can not be
generalized, because the spread is dependent on the TC contrast of the lithologies and the
depth of the groundwater.

Independent of the method, our mean thermal conductivity estimate is almost always
lower than TChampurg- The difference can be attributed to (1) the consideration of wet
and dry rocks, and (2) to the mapped TC values. The depth of the water table, i.e., the
water content, has a major impact on the effective thermal conductivity, especially in
unconsolidated sediments [51,52]. For determining TChamburg, Only wet rock properties
were mapped to the stratigraphic units [50], whereas the presented approach distinguishes
between wet and dry rocks based on groundwater surface depth. This explains why
the difference between TCampurg and TChigh res decreases with decreasing groundwater
depth, as for example shown by region 1 and 2. Neglecting the possible occurrence of
dry sediments is likely to overestimate the TC. However, the depth of the water table not
always represents the boundary between water-saturated and unsaturated sediments. Both
water retention and capillary rise can result in water saturation above the water table.
Those effects are strongest in fine-grained sediments, i.e., clay and silt. Therefore, the
approach could benefit from information on the water content of the unsaturated zone, e.g.,
by including maps of soil moisture. If this information is not available, a more realistic
approach for estimating the subsurface TC might be to distinguish between dry and wet
only for coarse sediments.

The consideration of dry rock is not the only reason for the difference between the
thermal conductivities estimated by our high-resolution approach and TChampurg- For
example, in region 2, when considering all rocks as wet, the mean estimated thermal
conductivity increases, but is still lower than TCpampurg. This is because of differences in
the thermal conductivities assigned to the lithologic units. Figure 9 shows a comparison
between the laboratory-measured thermal conductivities assigned for TChampurg and the
VDI 4640 values used in our approach. The values for sand, gravel and silt/clay of the
Hamburg database are considerable (up to 0.5 Wm~! K1) higher than the mean values of
the VDI 4640. Moreover, the TCpampurg database makes finer distinctions between different
rock types compared to the VDI 4640. For example, instead of having one value for silt/clay
in the VDI 4640, the Hamburg database has values for clay of different depositional ages
and an additional value for silt. We discuss the selection of the thermal property database
with more detail in the next section.

Another reason for differences is the availability of borehole data sets. Even though the
“Geologiedatengesetz” was adopted in June 2020 [45], not all borehole data are available
via OWS yet. This is on the one hand due to the ongoing process of digitization, and on
the other hand due to reservation of ownership, meaning that the data owner must agree
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to a transfer of data. Thus, the Hamburg maps are obtained from a larger database than
our approach.

Hamburg VDI4640
finesand = 11 °
(| | -sand
medium sand - o
coarse sand/fine gravel - == s — - gravel/stones
mica clay - °
i 1
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Figure 9. Comparison of laboratory measured thermal conductivity values in the Hamburg area [50]
(dots) and corresponding min.-mean-max. ranges (bars) for both water-saturated (bright colors) and
dry (pale colors) conditions from the VDI 4640 [37]. For till and peat, the VDI does not distinguish
between saturated and dry conditions.

4.2. Challenges in Estimating the Thermal Conductivity from Existing Data

As seen in Section 4.1, the choice of the thermal property database has a major impact
on the result. The selection of the TC database is a recently discussed issue with TC
estimation procedures. It is oftentimes criticized to use generalized databases such as the
VDI 4640, because of the huge spread of similar rock types from different regions [53]. This
is why many authors rely on measurements taken on samples in the region of interest, for
example [9,18,19,23,35]. Especially the VDI 4640, and its US-analogue, the ASHRAE [38], are
criticized for not providing background information such as the measurement statistics, the
measuring methods or the accuracy (e.g., [40]). Nonetheless, Ref. [18] has shown that there
can be agreement between laboratory-measured values and general TC databases. This is
why we believe that general databases such as the VDI 4640 are a good approximation as
long as no more precise knowledge is available, given that the spread in TC is considered.
This approach obtains its default TC values from the VDI 4640, but the flexible structure of
the TP mapper allows for an easy updating with region-specific values.

Considering the spread of TCs also solves another major issue with the mapping of
thermal properties. A single average thermal conductivity value for a rock can hardly ac-
count for the natural heterogeneity in the subsurface in terms of mineralogical composition
and porosity [54,55]. Even if a laboratory-measured thermal conductivity of one sample
of a lithologic unit was measured, the rocks nearby can have a different TC [56]. This also
agrees with [53], who conducted laboratory-measurements on various samples of similar
stratigraphies. They concluded that petrophysical properties can not be generalized on a
regional scale. Because of the uncertainty in the TC due to heterogeneity and water satura-
tion, we state that it is crucial to provide an accompanying estimate of uncertainty with the
TC. The relevance of an uncertain TC for a GSHP-system is shown when calculating the
temperature drop at the borehole wall using the Infinite Line Source (ILS) model by [57].
For example, for a minimum, mean and maximum TC of 1.9, 2.5, and 2.9 W m 1K1 and
a constant heat extraction rate of 40 W m~!, the temperature change at the borehole wall
after 200 h of heat extraction is —7.7, —5.8, and —5.0 K, respectively.



Energies 2022, 15, 3687

14 of 19

The uncertainty in thermal conductivity is not the only uncertainty affecting TC
predictions, though it is the only uncertainty considered here. We have already discussed
that all data types are subject to various uncertainties. In the raster data, these are, for
example, simplifications, interpolation and their low resolution. Especially the groundwater
level has a big influence on TC. Currently, both the large-scale and high-resolution approach
use a constant groundwater level as input. This is only a momentary approximation of
the real situation: The groundwater level can fluctuate in the range of several meters with
seasons and years, thus affecting the TC estimate. For example, when the groundwater
level is fluctuating in a layer of sand within 5 m, it affects the mean TC prediction of a
100 m borehole by 0.1 W m~! K. Using a single value without this uncertainty can therefore
result in an over- or under-prediction of thermal conductivity.

Moreover, groundwater flow has an important effect on the heat exchange potential
of BHEs, because of the advective contribution to heat transfer. The approach presented
here estimates only the conductive contribution to heat transfer, and the effective TC is
likely to be underestimated if groundwater flow is present [40]. In environments with
significant groundwater flow, we agree with [26], who recommend to conduct an in-situ
thermal response test instead of assigning values from literature. We recommend to consult
TC estimates based on existing data only for conduction-dominated settings.

Considering all known uncertainties in the input data, as discussed above, possibly
leads to a very high uncertainty of the estimated TC. Nonetheless, we believe that commu-
nicating uncertainty is still advantageous in this case. It could hint towards unfavorable
data availability or heterogeneous lithologies. A measure of the subsurface thermal con-
ductivity with quantified uncertainty could then allow for better decision making in terms
of geothermal investments, for example, because high uncertainty may initially motivate
further investigation to reduce it.

5. Summary and Conclusions

This work was motivated by the missing comparability of different thermal conduc-
tivity estimation workflows, and the missing information about uncertainty. We present a
workflow for automatically estimating the average thermal conductivity of the subsurface
and its uncertainty up to a user-defined depth using common and publicly available data.
The workflow was exemplary applied to data from the federal state of Hamburg, and ther-
mal conductivity was estimated on two different scales. Results of the large-scale thermal
conductivity prediction give a first indication, but show a high uncertainty. Hence, results
from the large-scale approach should be considered as a first approximation only. With
the high-resolution TC estimation using detailed borehole stratigraphy, the uncertainty
can mostly be reduced and a more realistic TC is estimated. In addition, the overview of
the available borehole stratigraphies within a target area can help users to assess the data
quality.

However, we also observe significant differences compared to the TC estimate by the
federal state of Hamburg. The selection of the thermal property database and the difference
in considering dry and wet TC based on the groundwater level proved to be the main
causes of discrepancies. Regarding thermal property databases, both region-specific and
general databases fail to represent subsurface heterogeneity if only one single or average
measurement value is used. Though region-specific databases might be more representative,
it is most important to (1) use a statistically representative measurement collection of both
wet and dry samples and (2) propagate the uncertainty of the statistics into the outcome, for
example in the form of the standard deviation or min.-max. ranges. Besides the uncertainty
in the thermal conductivity, other uncertainties such as groundwater flow or fluctuations
in the groundwater level are also relevant and should be quantified in further work.

The structure of the proposed approach automatizes data aggregation and provides
the data required for planning of BHEs on a detailed scale. This way, an expert user has the
possibility to review the boreholes, for example, by excluding a borehole stratigraphy not
fitting into the geological context. Another advantage is that the modular and automatic
workflow can easily be extended to estimate other subsurface quantities, or applied to
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datasets from other regions. The structure benefits from the recent developments regarding
the availability and accessibility of geodata. The automatic combination of input data and
method using web-based solutions will be beneficial for saving time, making subsurface
predictions more comprehensible and reducing manual interpretation work.

Even though the high-resolution approach provides a good approximation of the
subsurface thermal conductivity, the result possesses a high uncertainty. Moreover, it
does not account for advective heat transfer by groundwater flow. Hence, results of TC
estimation workflows can not replace a detailed assessment. For a more accurate estimation
of thermal conductivity, a thermal response test is recommended. However, the developed
web-based TC estimation provides a fast and comprehensive way of obtaining input data
for e.g., site-selection or preliminary feasibility studies.

Possible Extensions and Outlook

This work can be improved and extended in several ways. The thermal property
database (VDI 4640) could be replaced by a regional database of TC laboratory measure-
ments like the one of Hamburg, which also provides standard deviations [50]. Another
option is to link the approach to the Petrophysical Property Database of [58], an extensive
measurement collection of various petrophysical properties.

Groundwater level fluctuations could be approximated by a uniform distribution
instead of a fixed value. In regard to groundwater flow, we could estimate the thickness
of known aquifers and their velocity using additional groundwater data and display the
result in addition to the estimated thermal conductivity. Even though we do not expect to
be able to quantify the convective component, we would give a qualitative estimation of its
influence. In addition, we mentioned that the approach could benefit from a comparison to
TRT data. Unfortunately, TRT data currently does not enter public databases, e.g., hosted
by geological surveys. If TRT data were accessible to the public, TC estimation models
could be validated and their uncertainty reduced, prior to any costly test drilling.

Besides these improvements, the result of the TC estimation method can be used
for further studies. For example, the thermal conductivity estimate and its uncertainty
can be used as input for estimating the technical potential, i.e., by taking technical and
operational parameters of the ground-source heat pump system into account. Methods
for this are for example the widely adopted G.POT algorithm introduced by [26] and
used by, e.g., [18,19,22], or software solutions such as Earth Energy Designer [59] or GEO-
HANDIight [60].

The web-based infrastructure for data and process management can be supplemented
with additional data and processes to estimate other quantities, for example drillability,
porosity, or thermal capacity. For this, the data infrastructure is built up modular resting on
standardized open web services, so that further input data can be integrated effortlessly.
This allows for extending the method to other areas, e.g., other German federal states or
other countries.
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Appendix A

Table Al. Overview of the information base on near-surface geothermal energy in the German federal
states.

Federal State Displayed Quantity

Information System Near Surface Geothermal Energy for Baden Wurttemberg (ISONG):
Maps of geothermal efficiency as a qualitative assessment in 4 levels (free of charge), specific

Baden Wurttemberg heat extraction rate [W/m] to 40, 60, 80, 100m depth and for 1800 & 2400 h/a (fee required).
Display of prognostic drilling profiles with information about drilling risks (karst, sulphates,
aggressive groundwater).

UmweltAtlas Bayern: Site information on the average thermal conductivity [W/mK] to 20,
Bavaria 40, 60, 80, 100 m depth with 0.2 W/mK error range. Additional information about
geological risks, water rights and hydrogeology.

Umweltatlas Berlin: Maps of specific thermal conductivity [W/mK] and heat extraction rate

Berlin [W/m] up to 40, 60, 80, 100 m depth and for 1800 and 2400 h/a (2017).

Geothermieportal Brandenburg: Site query, thermal conductivity is estimated [W/mK]
Brandenburg based on prognostic drilling profile with uncertainty information. Thermal conductivities
based on VDI4640 & other literature values.

Bremen Thermal conductivity map [W/mK] to 100 m depth.
Hamburg Thermal conductivity [W/mK] to depth of 40, 60, 80, 100 m.

Geothermie-Viewer Hessen: Thermal conductivity [W/mK] to depths of 40, 60, 80, 100 m.
Hesse Assignment of thermal conductivities measured on samples from the Hesse area to drilling

data and interpolation.

Kartenportal Umwelt Mecklenburg Western Pomerania: Thermal conductivity [W/mK] up

Mecklenburg Western Pomerania 040, 60, 80, 100 m depth.

“Geothermie—geht das bei mir?” Estimation of required BHE meters, based energy
consumption or house type and living space.

Geothermieportal NRW: Geothermal yield for depths of 40, 60, 80, 100 m (free of charge),

Lower Saxony

Northrhine Westphalia prognostic drilling profiles at any location (fee required).

Thermal conductivity map for both dry & water-saturated rock. Classification of the
. . permeability of the upper groundwater-conductor and groundwater-floor distance.

Rhineland Palatinate Thermal conductivities for unconsolidated rocks taken from VDI 4640, for solid rocks
obtained from the State Office for Geology and Mining.

Saarland Map displaying ineligible, unfavorable and favorable areas for near-surface
geothermal energy.

Saxon Geothermieatlas Sachsen: maps of heat extraction [W/m] to depths of 40, 70, 100, 130 m and

y for heating durations of 1800 h and 2400 h.
Saxony-Anhalt Maps displaying depth of bedrock, hydrogeology and non-geologic site criteria.

Geothermal planning map: Thermal conductivity up to depths of 50 and 100 m.
Schleswig Holstein Assignment of TC to boreholes based on a combination of VDI 4640, own measurements
and the experience of neighboring states.

Geothermal information system: Thermal conductivity up to depths of 40, 60, 80, 100, 120 m.

Thuringia Allocation of TCs with consideration of groundwater level.
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