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1 ABSTRACT

Planning low-temperature district heating and
cooling networks (LTDHCN) still poses many
challenges. It requires research, especially in
the scalability of the networks and the
connected energy producers and heat sources.
In the project GeoWaermeWende (project
number 03EN3059), a passive, existing
LTDHCN is monitored. For this purpose, a
monitoring concept will be developed to
collect relevant operating parameters at
different network locations, which will be
compiled and processed in a database. In

addition, various tools are developed for

planning LTDHCN. With the help of the
measurement data, individual simulation
models are validated, which provide the basis
for a holistic district model consisting of all
relevant  components.  Analytical and
numerical approaches enable a variety of
promising analyses regarding the network
dynamics under changing boundary conditions
and the interaction of the network with the
subsurface. All simulation tools are accessed
via a geothermal network information system
(GNIS). The GNIS is established as a spatial data
infrastructure with a geoportal to facilitate

web-based access to the data required for the

analysis and simulation. The geoportal is also
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to be used to configure and analyze the

LTDHCN.
Keywords: GeoWaermeWende, LTDHCN,
Thermal Network  Simulation, Shallow

Geothermal Energy, GIS, Geoportal

2 INTRODUCTION

The urgency for a rapid and decisive energy
transition is increasingly apparent in the
context of the escalating climate change. The
need for action intensifies as the impacts of
rising global temperatures on ecosystems and
societies are evident. The building sector is
responsible for a significant part of the total
greenhouse gas emissions, highly emphasizing
effort towards its decarbonization. Therefore,
an urgent need to increase the usage of
renewable energy sources as an alternative to

fossil fuels in the building sector is evident.

Shallow geothermal energy is becoming
increasingly recognized as a renewable energy
source that can provide reliable energy for
space heating, domestic hot water (DHW), and
space cooling. Its base-load capability
underscores its reliability, addressing concerns
often associated with other renewable
sources. Recently, Germany has been taking
legislative steps to emphasize the importance

of local heat planning and the transition to

renewable energy sources in municipalities.

The upcoming Second Amendment of the
Building Energy Act is expected to have
significant implications for implementing and
expanding heating networks, including
LTDHCN, in Germany. To make the most use of
this technology's potential, building new and
transforming existing heating networks s
essential. In particular, LTDHCN offer an
efficient way to utilize geothermal energy and
are a practical method of distributing heat
throughout a residential district. The passivity
of the system without a central circulation
pump makes the system more robust and
easier to scale. However, estimating and
controlling the hydraulic conditions and the

associated quality of mutual heat exchange

can be quite difficult.

Although the benefits of LTDHCN are widely
recognized, their implementation can be
challenging, especially for existing heating
networks with a higher temperature level or
districts with no heating network. Considering
the complexity of the technology, it is crucial to
develop an intuitive and user-friendly planning
tool. This tool would simplify the planning and
configuration processes and encourage the
broader implementation of LTDHCN, which is a

fundamental step toward sustainability.
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3 PROJECT DESCRIPTION

One core element of the project is the sensory
equipment and the monitoring of the LTDHCN
in the German city of Schifferstadt. The data
collected in the monitoring process is used to
validate simulation models, which represent a
digital image of the actual model and are also
used in planning new LTDHCN. This knowledge
will be combined into a planning tool to
support specialist planners in designing and
analyzing new LTDHCN. In addition, an
augmented reality app is being developed to
visualize the heating network in Schifferstadt,
making the technology accessible to a broader

audience.
3.1 LTDHCN Schifferstadt

The LTDHCN in Schifferstadt is located in the
Upper Rhine Plain in southwest Germany, a
region with increased volcanic activity and the
location of the Upper Rhine Aquifer. The
geological conditions of this region give rise to
many projects dealing with the extraction of

geothermal heat.

In Schifferstadt, 41 residential buildings are
thermally connected by an uninsulated heating
network, as shown in Figure 1. The network
consists of two meshes, each with a supply and
a return loop. A geothermal borehole heat
exchanger (BHE) field is connected in the

district's northwest, consisting of 28 BHE with

a drilling depth of about 95 meters each. The
buildings are supplied by heat pumps that
draw heat from the grid for heating purposes
or feed heat back into the grid for cooling
purposes. The heat pumps will collect analysis
data since they are equipped with extensive
sensor technology by their manufacturer to
extract all relevant operation data.
Additionally, various measuring points are
planned at the maintenance building, the BHE,
and at five positions inside the network. The
sensors shall record the fluid's pressures,
temperatures, and volume flows. All
measurement data will be permanently stored

in a database, processed, and made available

for further use.

Figure 1: Schematic Floorplan of the LTDHCN in
Schifferstadt
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3.2 Concept of the Overall Planning Tool

The entire planning tool is developed to enable
web-based access by any interested party
without installing additional software. This
reduces barriers to using the tool and allows
for quick results to be achieved. Depending on
the planning stage, the requirements for the
tools to be used and the level of detail of the
results differ. Figure 2 shows the preliminary
functional relationship of the different tools in

the project.

The network information system (see Section
Fehler! Verweisquelle konnte nicht gefunden
werden.) compiles general data relevant to the
planning of heating networks and passes it on
to the system configurator (see Section Fehler!
konnte nicht

Verweisquelle gefunden

defined there and passed on to the tools for
modeling buildings, heat pumps, pipe
networks, and underground. Both the
simplified (blue) and the detailed models (red)

will be triggered from the system configurator.

3.3 Geothermal Network Information

System (GNIS)

The goal of the geothermal network
information system (GNIS) adapted from a
former project GeTIS ([1], [2]) is the
establishment of a project-related spatial data
infrastructure with a geoportal for web-based
access to the data required in the analysis and
simulation tools for the execution of these
tools and, finally, for visualization of the

obtained results.

The planning, dimensioning, and operational
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An essential part of the spatial data
infrastructure of the GNIS is the aggregation of
hydrogeological data of the subsurface with
data regarding the LTDHCN and semantic data
of its environment. For this purpose, existing
maps, subsurface and city models are linked
with monitoring data and made available via
the geoportal, as demonstrated in Figure 3. As
far as possible, this data is connected to the
GNIS via standardized interfaces of the Open
Geospatial Consortium (OGC), such as the
specified geodata services, also called OpenGIS
Web Services (OWS). In this way, the data can
be integrated into the GNIS but do not have to
be transferred to a project-based, own
database as a secondary dataset and are kept
up to date automatically. Furthermore, it
increases the interoperability and, thus, the
scalability of the GNIS and improves the
possibilities of further system development.
The various analysis and simulation tools (see
Section 0) can be connected to the geoportal
via purpose-built interfaces based on the

OpenGIS Web Processing Service (WPS) [3].

Figure 3: The Geoportal in GeoWaermeWende

This also includes interfaces for integrating
georeferenced LTDHCN and the monitoring
database. Furthermore, it is intended to
incorporate planning and approval-relevant
requirements and valuable information from
real-world experience in the planning process

of LTDHCN.

To fulfill the diverse demands, the GNIS is
designed as a distributed geoinformation
system (GIS) according to service-oriented
architecture (SOA) principles. Corresponding
to this principle, individual services are
implemented and orchestrated to unite a large
and powerful system that allows for flexible

adaptation to new or changed requirements.
3.4 System Configuration

Following the digital geothermal site analyses
and the data aggregation in the geothermal
information system, the heat and cold
generation systems and the LTDHCN must be
designed. For a user-friendly design of the heat
pumps, buffer, DHW storage tanks, and the
network topology, the web-based system
configurator GeoWPSys+Web [4] is used.
GeoWPSys+Web gives automated system
suggestions of available devices and provides
default values for most design parameters. In
GeoWaermeWende, the system configurator
will be extended with functionalities for
dimensioning and planning the LTDHCN
network

routes. The resulting heat
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configurator shall execute the calculation tools
described in the following to determine or

check design parameters automatically.

3.5 Calculation & Simulation

3.5.1 Simplified Approaches

Hourly load curves for heating, domestic hot
water, and cooling are required to dimension a
LTDHCN and the systems involved and input
data for several models within the toolchain

described here.

With the help of the open-source program
TEASER+ [5], generic low-order Modelica
building models can be parameterized,
suitable for large-scale simulations of many
buildings due to their low complexity. TEASER+
uses a database of archetypes, i.e., buildings
with standard construction and usage profiles
based on age and type, to scale building
geometry based on net floor area, height, and
number of floors or derives it from CityGML
data, merging this with archetype data to
create a reduced-order model. The models are
refinable through additional parameters, with
updated archetypes recently incorporated to
match the actual

better buildings in

Schifferstadt.

Alternatively, the analytical tool SCoTED [6]
can generate heating load curves by leveraging
standard heating loads or annual energy

consumptions of buildings, along with hourly

weather data. Unlike TEASER+, SCoTED also
produces domestic hot water consumption

curves.

The simplified heat pump system model
ModHPS [7] used the hourly load curves
created with the previously described tools to
represent the decentralized distributed heat
pumps at the district level. ModHPS is an open-
source black-box characteristic curve model
with control mechanisms and storage balances
for buffer and DHW storage tanks. It can be
used for individual buildings or entire city
districts and

coupled bidirectionally to

subsurface models.

3.5.2 Automated determination of the

number of storeys in buildings

Building parameters such as the average floor
height, the total floor area, the window-to-wall
ratio, and the number of storeys critically
influence building energy simulations [8].
Accurate physical building parameters are vital
for these simulations [9], yet they are difficult
to obtain on a large scale. Even though
machine learning, artificial intelligence, and
image processing algorithms have been
utilized in  energy simulations, their
applications have been restricted to individual
buildings. Thus, they cannot scale on an urban
level [10]. This is why developing algorithms to

extract building parameters on an individual

and a large level is important.
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The recent surge in oblique aerial imagery,
especially in German cities, is promising since
these images make building facades visible,
enabling the extraction of facade information.
The growing usage of 3D city models, like
CityGML data, aids in energy simulations by
providing standardized 3D representations of

urban objects.

CityGML data provides a standardized 3D
representation of city objects, i.e., buildings, in
different levels of detail [11]. Depending on the
level of detail, CityGML data can include
building parameters such as the number of
storeys. However, this information is highly
inconsistent and dependent on the data
provider. Nevertheless, other important
information, such as the 3D coordinates of the
building, is already available in CityGML data
(Figure 5). Combining this information with
oblique aerial imagery (Figure 4) is a basis for
an automatic approach to determining the

number of building floors. The process begins

by selecting an appropriate oblique image

Figure 5: CityGML example viewed using
FZK Viewer

Figure 4: The corresponding facade in oblique
aerial images (source: city of Soest, NRW
Germany)

where a building's facade is clear. Utilizing 3D

coordinates, the facade's location s
pinpointed in the image, followed by facade
rectification. Subsequent image processing
identifies the edges representing windows on
the facade. By analyzing the frequency of
vertical edge pixels in each row of the image, it
becomes feasible to calculate the building's
number of floors based on the count of

maxima in the frequency image.
3.5.3 Analytical ground and fluid models

A key to the adequate design of LTDHCN is to

ensure sufficient and appropriate fluid
temperatures within the network. Generally,
the efficiency of a heat pump depends on both
the temperature difference it needs to
produce and the absolute fluid temperatures,
showing a negative correlation with the former
and a positive correlation with the latter.
Furthermore, there is the need to assess the
induced

temperature changes in the
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subsurface to ensure the system's
sustainability and conform to regulatory

demands.

Therefore, the temperature of the fluids and
the surrounding ground, need to be
determined effectively. The chosen analytical
approach divides the modeling area into two
regions: The subsurface surrounding the heat
exchangers (HE) and the area inside the heat
exchanger. In this context, any system
component with significant heat fluxes is
considered a heat exchanger. That includes
borehole heat exchangers (BHE) and the

connecting network pipes.

The subsurface temperatures are determined
through the construction of g-functions.
Different boundary conditions are used for
different system components: A constant
temperature is commonly a boundary
condition on the surface for borehole heat
exchangers (BHE), modeled after [12].
Connecting pipes installed close to the surface
are modeled using a time-dependent surface
temperature boundary condition [13]. This
allows the incorporation of daily and seasonal
temperature cycles in areas above the neutral
zone. Other types of heat exchangers can be
integrated if a suitable g-function formulation

is available.

After obtaining the g-functions for all system
components, the temperature at the HE wall

can be determined through
= ot (1)

where and o are the borehole and
undisturbed ground temperature. For time-
varying loads, the incremental load steps can

be considered such that

=2i2:1( - 1) — 41 (2)

where is the thermal load, is the soil
thermal conductivity and the g-function is a
function of the characteristic time, radius, and
buried depth of the BHE. This can be efficiently
evaluated by computing the convolution of the

load increment and g-function arrays [14].

is linked to the circulating fluid temperature
through the thermal resistance , Which
encapsulates the heat transfer processes

inside the HE. It is defined such that

= 4 @)

where is the average fluid temperature

inside the HE.

Using as a coupling parameter between HE
and surrounding ground is advantageous due
to its facilitation of a linear equation for
complex heat transfer dynamics. This linearity,
evident in Equations 1 and 3, aids in developing

a linear system of equations for the system.
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System components are interconnected by
equating the inlet and outlet fluid
temperatures of  successive HEs, as

demonstrated in
=, (4)

These relations serve as constraints besides
the total required heat load from the ground.
The resulting system is expressed as a sparse
matrix, which can be solved using SciPy's
sparse algorithm [15], an approach validated
by Diiber et al. on systems involving BHE and

corresponding pipes ([16], [17]).

The approach allows the incorporation of heat
pump models such as ModHPS for additional
fluid temperature and flow rate constraints,
which are usually neglected in the
conventional planning of such systems. The
calculation times depend on the system
complexity but should be in the minutes. This
enables iterative or optimization algorithms to
design the system for adequate fluid

temperatures automatically.
3.5.4 Numerical Methods

The modeling and simulation of the hydraulic
network, heat pumps, and buildings will be
conducted in the SimScape [18] environment
for detailed planning. SimScape is an extension
of the Simulink software developed by
Mathworks. It extends Simulink with graphical

modeling of multiphysics systems in which

individual sub-models can be interconnected

via bidirectional signals. SimScape
incorporates an extensive model library of
individual components and provides examples
of how these components can be implemented
in complex systems. Therefore, it is suitable for
modeling the changing flow direction in heat
networks and the thermal interaction of the
network with the subsurface. Although the
CARNOT-toolbox [19] has proved unsuitable
for use as the central platform in initial
application trials, parts of it are nevertheless
used for some subsystems of the numerical

simulation model, such as for integrating

weather data or calculating solar radiation.

Since the supply and return pipes of the
network are usually located next to each other,
a configurable double-pipe model is being
developed to serve as a basic building block for
a pipe section of any size. This allows the
thermal interaction of the two conductors to
be implemented within the model and the
model structure to be simplified. The network
is then composed of many double-pipe
elements connected by T joints. In addition to
the heat transfer, the pressure losses of the

fluid are also calculated in this model.

The utilization of reduced-order models (ROM)
is planned for the buildings, which are
parameterized with the previously mentioned

tool TEASER+. These models are based on the
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modeling approach of VDI 6007 [20] and an
adaptation of Lauster et al. [21]. This guideline
describes a calculation method based on the
fundamental approach of considering the
thermal zone as an electrical circuit. Each wall
layer consists of a pair of resistances
representing the thermal conductivity of the
material and a capacitance representing the
heat storage capacity. Several wall layers can
be combined to form a wall element. The
volume of air the walls enclose is assumed to
be a homogeneous zone, resulting in an
additional heat capacity. This air volume is
extended by supply and exhaust air openings,
which enables the implementation of
ventilation flows. Heating and cooling effects
and internal gains can be modeled via ideal
sources and sinks and will be replaced in the
further course of the project by modeling the

system technology.

4 CONCLUSION

A comprehensive collection of activities has
been defined in the project
GeoWaermeWende, covering many
theoretical, experimental, and modeling
aspects of planning and operating a LTDHCN.
The project addresses many areas of the
subject of geothermally fed LTDHCN, such as

gathering and processing georeferenced data

relevant to system design and approval
procedures, basic and applied understanding
of hydraulic and thermodynamic behavior of
heating networks, analytical and numerical
modeling and validation, as well as involving
the public and presenting scientific findings.
Initial results over the first months of
GeoWaermeWende have been encouraging
and offer fresh insights. This wealth of new
knowledge is expected to help municipalities,
planning authorities, and other parties

implement LTDHCN technology broadly.
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ABSTRACT

One class of methods for the design of
borehole heat exchanger fields is the use of
analytical, non-dimensional thermal step
responses, such as g-functions. A main
simplification and restriction of most such
analytical approaches for BHE design is the
neglection of groundwater advection.

The theory and concept of moving line sources
can, in principle, be used to calculate the
thermal behaviour of BHEs in groundwater
flow. However, application of the moving line
source to grouted boreholes needs a
correction for the disturbance of the
groundwater flow field and the lower heat
transfer rates in the borehole region.

Based on such a correction developed earlier,

the applicability of the infinite moving line

source model on borehole fields is shown by

comparison  with  numerical  simulation.
Together witch spatial superposition of the
long-term  temperature  responses and
influences, fields of arbitrarily placed borehole
heat exchangers can be calculated. This yields
an analytical, simple and fast calculation
method for borehole heat exchanger fields with
the boreholes being completely (or at least
mainly) immersed in flowing groundwater.

A design example is presented, in which one of
three borehole heat exchangers can be saved
when a significant groundwater flow is present

and taken into account.

Keywords: borehole heat exchangers, analytical
line source models, thermal interference,

groundwater advection.
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1. INTRODUCTION

The design of vertical borehole heat
exchangers (BHEs) for ground source heat
pumps (GSHP) and direct geothermal cooling
requires calculation of the thermal response of
the BHEs to the thermal loads imposed. Since
the system of BHEs and surrounding ground
coupled to them exhibits a transient thermal
behaviour and is subject to time-dependent
loads, appropriate dynamic calculation
methods are necessary for dimensioning.

The calculation methods used are either
numerical simulations, or (semi-)analytical
mathematical models [1]. Accurate numerical
simulations for BHE fields, especially when a
large number of are BHEs has to be considered,
are highly flexible but expensive in terms of
computer power and calculation time.
Established analytical calculation for BHE fields
are simple and fast, but they include
conceptual simplifications und thus are only
valid for particular conditions [1]. One main
simplification and restriction of most existing
tools for BHE design, such as EED [2], is the
neglection of groundwater advection.

The theory and concept of infinite and finite
moving line sources can be used to calculate
the thermal behaviour of BHEs in groundwater
flow. But in the case of grouted boreholes,

which are mandatory in many countries and

regions, the original moving line source theory

may fail in many cases, since it assumes a
homogenous ground with constant permeability
[1].

This article describes the application of a simple
and fast calculation method for BHE fields
consisting of grouted boreholes which are
completely embedded in a

homogenous

groundwater flow.

2. ANALYTICAL MODEL

The base of the analytical model used here is the
infinite moving line source (IMLS) [3]. Since the
influence of a groundwater flow on the thermal
response of a BHE under thermal loads is most
pronounced in the long-term, groundwater flow
is considered for the steady-state solution. The
steady-state g-function, i.e. the stationary non-
dimensionless temperature response, resulting

from the IMLS is given by:

()= o(%) o(35) (1)
To take the grouting, i.e. the very much lower
permeability within the borehole, into account,
a correction function for the borehole wall
temperature calculated from the IMLS was

developed in a former work [1]:
( )=-61110° 2+368
1071 +1 (2)
Figure 1 shows a comparison of the original
steady-state groundwater g-function and the

corrected function in dependence of the Péclet
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number Pe.
3.25
3.00 A groundwater g-function
2.75 (steady-state)
250 4 ___ corrected groundwater g-function
295 (steady-state)

g-function

Péclet number

Fig. 1: Steady-state groundwater g-function with
and without correction for the grouted borehole
(taken from [1])

With equations (1) and (2) the steady-state
temperature response at the borehole wall
(averaged over the borehole wall) of a single
BHE to a constant thermal load can be

calculated:
A= ()
) s ( )) (3)

For design and dimensioning purposes, only
maximum resulting temperature responses of
the fluid temperature within the BHE are
needed. Therefore, a calculation or simulation
of the whole time-dependent temperature
response may be replaced by a transient
calculation which aims directly on the design
point (maximum and minimum fluid
temperatures) [4-7].

The calculation of the response of a whole
embedded in

BHE field completely

groundwater flow to a transient thermal load

profile is then based on three assumptions:

1. Established calculation methods for the
borehole resistance Ry of the grouted boreholes
or values obtained from a short-term thermal
response test are still applicable under
groundwater advection.

2. A correction of the temperature field
calculated with the IMLS is necessary at the
borehole wall because of the backfilling of the
borehole, but can be omitted at a greater
distance from the borehole.

3. For a fast, simple and approximate, but
sufficiently accurate calculation method for
practical engineering purposes, consideration of
groundwater advection can be limited to the
steady-state part.

While the validity of the first assumption has
already been shown in [1], assumptions 2 and 3

are discussed in the following sections.

Groundwate
flow
direction

—_—

[7m, 1m]

[0, O] [3m, 3m]

Fig. 2: Finite element grid of the numerical
simulation model
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3. NUMERICAL SIMULATION

A test case of a BHE field with three boreholes
was simulated with COMSOL Multiphysics®
software V6.1. The model and the simulations
were 2D and steady-state. Fig. 2 shows the
positions of the boreholes and the finite-
element grid used with a very fine grid near
the boreholes, and a coarser grid in between.
Each test case was simulated twice, first with
a permeable borehole (borehole region
identical to surrounding, permeable ground)
and second with a grouted borehole
(borehole region impermeable). Results of
both, permeable and grouted borehole, for Pe
= 0.55 are depicted in Fig. 3 and Fig. 4. Fig. 5
shows the relative deviation of both
calculations.

It can be seen, that in the case shown here,
the resulting temperature field around the
boreholes is only influenced by the grouting in
the near-field around the boreholes, i.e.
within a radius in the order of 1 m. Only there
the rel. deviation is larger +1% and for that
reason displayed in white without coloured

marking.
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Fig. 3: Dimensionless temperature response for
grouted boreholes
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Fig. 4: Dimensionless temperature response for
ungrouted boreholes
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Fig. 5: Relative deviation of the dimensionless
temperature response with and without grouted
boreholes
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4. BHE FIELD STEADY-STATE G-
FUNCTIONS

From the results of the numerical calculations
it can be concluded that, while the correction
according to equation (2) has to be applied at
the borehole wall, no such correction is
necessary in the far-field. This means that the
analytical IMLS solution can be applied to
calculate the thermal influence of one
borehole on another within a BHE with
groundwater flow field, even for grouted
boreholes. For steady-state, this can be done
with the angle and radius dependent IMLS

solution:

_ ' O
=5 { 2 0(2)} (4)

with: = —— (5)

The average steady-state g-function of the
complete BHE field is then obtained by spatial
superposition of the thermal influences
between all BHEs and averaging the resulting
values of all BHEs. The according angels and
radii of the pairs of boreholes can easily be
calculated from the horizontal coordinates of
the boreholes (as given in Fig. 2 for the
example investigated here). The procedure of
superposing temperature responses and
influences of arbitrarily located vertical BHEs
is outlined in [8] where it is applied to BHE

fields without groundwater influence.

5. TRANSIENT BEHAVIOUR
APPROXIMATION

So far, stead-state conditions have been
considered. However, in case of time-
dependent thermal loads on the BHE field, a
transient calculation of the thermal response of
the underground an the BHEs has to be
conducted. This is done by load decomposition
according to the calculation method and
software GEO-HAND'8" which is originally based
on analytical solutions given by Eskilson [4] and
was further developed over the years [5].

The decomposition of a thermal load profile
according to this method results in three
components (and three thermal responses,
accordingly):

a) steady-state, i.e. average load over the year
(corresponding to the annual amount of
thermal load),

b) periodic, i.e. seasonal component by using
the maximum monthly average load, and

c) short-time constant load representing
maximum heat load and duration (e.g. of a
single GSHP operating phase).

Yet, GEO-HAND'&" can only treat purely
conductive heat transfer in the ground. The
extension introduced here is the use of an
average steady-state g-function with

groundwater advection for component a), as

described in the previous section. Periodic and
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short-time constant components, b) and c),
are still calculated without groundwater
advection as an approximation.

To obtain some picture of the accuracy of the
latter approximation for components b) and
c), g-functions calculated with the infinite line
source ILS (pure conduction like in standard
evaluation of a thermal response test) the
transient IMLS, and the steady-state value of
the IMLS are plotted in Fig. 6. In this example,
steady-state under groundwater flow with
Pe = 0.55 is reached already within 5 days.
The maximum deviation between a response
function composed of ILS and steady-state
IMLS (red dashed lines in Fig. 7) and the more
accurate transient IMLS is approximately 16%.
Therefore, the treatment of components b)
and c) is maintained without groundwater
advection as a first approximation. However,
when the g-functions without groundwater
advection yield larger values than the steady-
state IMLS, the latter is used for the

respective component.

3.5 —
Pe =0.55 =TT
3.0 | e
2.5 - —
5204 /
Qo !
1= !
2 1.5
=) !
1.0 4 Infinite Moving Line Source
———Infinite Line Source
0.5 Stationary value of the
""""" Infinite Moving Line Source
0.0 T T T T T
0 5 10 15 20 25 30

time in days

Fig. 6: Comparison of infinite line source and infinite
moving line source for Pe = 0.55, linearly plotted
over time in days

3.5
Infinite Moving Line Source
3.0 1 Infinite Line Source
Stationary value of the
2.5 1 Infinite Moving Line Source
5 2.0
(&)
E
< 1.5 4 L ——— . .. . .
o
/',
1.0 I
/,,
054 _»”
- Pe = 0.55
0.0 T T T T T

8 9 10 11 12 13 14 15
time in In(s)

Fig. 7: Comparison infinite line source and infinite
moving line source for Pe = 0.55, plotted over
logarithmic time scale

6. DESIGN EXAMPLE

The design example listed in table 1
demonstrates the capability of the fast
calculation method presented here. Two cases
are compared: case | without groundwater flow
and case Il with a homogenous groundwater

advection over the complete BHE field.
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Table 1: Parameters for the design example

heat pump properties:

heat capacity 6 | kW
cop 4.5
SCOP 4.5
Annual full load hours 1800 | h/a
max. monthly full load

300 | h/mon
hours
max. uninterrupted

10 | h

operation hours
geology:
thermal conductivity of

2.0 | W/(mK)
the solid
thermal conductivity of

0.6 | W/(mK)
the groundwater
porosity 0.3
effective thermal

1.6 | W/(mK)
conductivity
annual mean surface

10 | °C
temperature
Darcy velocity (casellonly) | 0.275 | m/d
Péclet number (case Il only) 0.55
BHE properties:
number of BHEs 3
borehole depth 50| m
borehole radius 0.065 | m
borehole resistance 0.08 | mK/W
temperature spread over
3K

the BHE

The resulting maximum heat extraction rate is
31.1 W/m borehole length. The long-term
minimum inlet temperature to the borehole
field is -3.1 °C in case | (no groundwater flow)
and +2.4 °C in case Il (with advection). Theses
values correspond to a temperature decrease
versus the undisturbed ground temperature of
-14 K and -8.5 K, respectively. Given -3 °C as a
limit, like it is the case in the German federal
state of Baden-Wirttemberg [9], for example,
the three BHEs are just sufficient when there is
no groundwater flow, but only two BHEs would
be sufficient if the groundwater flow is present

over the hole depth of the BHE field.

7. SUMMARY AND CONCLUSIONS

The presented analytical fast calculation
method extends the already established (semi-)
analytical models for the design of BHE fields to
the case with significant groundwater when it is
present over the entire height of the BHE field.
Through the comparison with numerical
simulations, it is shown that the correction
function for grouted boreholes published in [1]
is only necessary in the near-field of the
considered BHE, i.e. within a radius of 1 m
around the BHE. Thus, the interference of BHEs
can be calculated with the infinite moving line
source solution without any correction. Since
load

the presented method uses the

decomposition, which besides the long-term
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Die Leistungsfiahigkeit der neuen Ringrohr-Erdwarmesonde und des
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KURZFASSUNG

Die hochleistungsfahige Ringrohr-

Erdwdarmesonde, die derzeit von den
Unternehmen BLZ Geotechnik GmbH und
Transflow Prozesstechnik GmbH in den Markt
eingefiihrt wird, bietet die Moglichkeit, den
Warmeertrag gegenlber den traditionellen U-
Sonden um mehr als 30% zu steigern. Kern der
Neuentwicklung ist die VergroBerung der
warmeaufnehmenden Flache und sichere
Verflllung durch das patentierte Verfillnetz, in
dem 10 dinnwandige PE-Rohre mit 16 mm
AuBendurchmesser und ein 40 mm
Aufstiegsrohr angeordnet sind. Innerhalb
dieser Neuentwicklung wurden die
Simulationsprogramme ModThermWog fiir die
Planung und ModTRT fir die Interpretation

von Thermal Response Test entworfen, die mit

einem 3-D numerischen Berechnungsgitter alle

Sondentypen (U-Typen, Koaxial- und Ringrohr-
Typen) ohne analytische Vereinfachungen

erfassen.

Im Vortrag werden die Messwerte einer
Anlage, die aus 3 EWS ein mehrgeschossiges
Wohnhaus versorgt, die im gesamten Jahr
2022 gewonnen wurden, vorgestellt. Sie
erlauben den Vergleich von Ringrohrsonde mit
Verfillnetz, ohne Verflllnetz und Doppel-U-
Sonde unter gleichen Bedingungen im Winter-
und Sommerbetrieb. Diesen Messungen
werden Simulationsergebnisse beigefiigt, die

die gute Nachbildung der tatsachlichen

Leistung nachweisen.

Die Ringrohrsonde erweist sich insbesondere
im kombiniertem Warme- und
Klimakaltebetrieb als besonders vorteilhaft
und erreicht

Mehrleistungen gegeniber

Doppel-U-Sonden  bis zu 60%. Diese
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Eigenschaft macht sie besonders geeignet fir
kalte Nahwarmenetze, die in der Sommer- und
Ubergangszeit stundenweise bzw. auch

monatelang industrielle Abwarme

einspeichern missen.

Zur lllustration werden Vergleiche von Mess-

mit Simulationsdaten gezeigt.

EINLEITUNG

Die oberflaichennahe Geothermie ist ein
wichtiger Baustein zur Energiewende und wird
mit  vermutlich  mittelfristig  steigenden
Stromkosten weiter an Bedeutung zunehmen.
Aktuell sind die Kapazitaten der
Bohrunternehmen voll ausgeschopft. Dies
spiegelt sich auch in den stark gestiegenen
Preisen je Bohrmeter bzw. fir die gesamte
Geothermieanlagen wider. Generell
unterliegen Bauprojekte einem enormen
Kostendruck, welcher auch zu Lasten von
Geothermieprojekten geht. Die Anlagen
werden weniger leistungsfahig ausgefiihrt

oder entfallen komplett.

Hier setzt im Bereich der Zirkulationssonden
die neuartige Ringrohrsonde (RRS) [1] an, die
mit mindestens einem Drittel weniger
Bohrmetern die gleiche Leistungsfahigkeit wie
die herkémmliche Doppel-U-Rohrsonden-
Technologie (32x2,9) besitzt. Insgesamt ist

eine Kosteneinsparung von ca. 30 % moglich.

KURZBESCHREIBUNG DER
RINGROHRSONDE (RRS)

Die RRS setzt sich aus 10 Ringrohren (16x1,5),
angeordnet um ein Zentralrohr (40x3,7),
zusammen. Ein Sondenkopf verteilt den Zulauf
gleichmaRig auf die Ringrohre, ein Sondenful
fihrt die Ringrohre dann in einem Zentralrohr
zusammen. Die Ringrohre sind an ihrer
AuBenseite mit einem Gewebeschlauch
verklebt. AnschlieBend wird die Sonde
geblindelt und &hnlich der Doppel-U-
Rohrsonden eingebaut. Bei der Verfillung wird
der Gewebeschlauch, vom Sondenfull
beginnend, aufgeweitet und nimmt die
Ringrohre mit sich an die Bohrlochwand. Die
Position der Ringrohre und des Zentralrohrs

sind nun im Bohrloch fest definiert.

Daraus ergeben sich bezogen auf die Doppel-

U-Rohrsonde folgende Vorteile:

e (fast) direkter Kontakt zum Erdreich
minimaler Warmeubergabewiderstand

* 25 % mehr Rohroberfldche zur Aufnahme
von Warme

* minimaler thermischer Kurzschluss bzw.
maximaler Abstand zwischen ab- und
aufsteigenden Rohren

thermisch

e kein preisintensives,

hochleitfahiges Verfillmaterial
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erforderlich, da der Wandabstand gering

ist.

Hieraus folgt ein wesentlich geringerer

thermischer Bohrlochwiderstand.

AAARAAA,

a Verfiillmaterial

b Ringrohr
¢ Zentralrohr

d Verfiillschlauch

Abbildung 1: Prinzipaufbau einer Ringrohrsonde,

nach [1]
Weitere Vorteile sind:

e erhohte Verfillqualitat (keine

Vermischung von Verfillmasse mit
Erdreich und Bohrsplilung),

» Uberbriickung von kleineren Hohlrdumen /
Kliften und somit Minimierung von
Verfillmaterialeinsatz und

* bestmogliche Trennung von Erdschichten

und Grundwasserleitern.

Die Entwicklung der Ringrohrsonde wurde
mittels Simulation begleitet. Bezogen auf eine
Bohrung mit 150 mm, stellen 10 Rohre in der
Dimension D16 ein Optimum dar. Mehr Rohre
werden keine relevante Verbesserung der
Leistungsfahigkeit nach sich ziehen, weniger

Rohre verschlechtern diese aber deutlich.

KURZBESCHREIBUNG DES MODX-
SOFTWAREPAKETES

Um zu ermitteln, welche Erdwarmesonde fir
den entsprechenden Anwendungsfall und
Bedarf erforderlich ist, gibt es vereinfachende
und komplexere Berechnungshilfen.
Vereinfachende Berechnungshilfen arbeiten
mit Kennfeldern / Tabellen, etwas komplexere
mit analytischen Formeln mit im
Anwendungsbereich akzeptablen
Abweichungen und sehr genaue mit

numerischen Berechnungsverfahren.

Fur die RRS sind numerische

Berechnungsverfahren mit dem ModX-
Softwarepaket (ModThermWg, ModGeo3D,
ModTRT) verfligbar. Sie bauen auf der gleichen
mathematisch-numerischen Logik auf, sind
aber fir ihre jeweiligen Einsatzgebiete
konzipiert (in dreidimensionalen Zylinder- bzw.

kartesischen Koordinaten).
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ModThermWg
Einze[sonde Messkampagne
ModG:eOS‘D ModTRT
Sondt;nfeld

Abbildung 2: Prinzipschema des ModX-

Softwarepaketes

ModThermWg simuliert den Warmetransport
zwischen Erdreich und einer Einzelsonde.
Hierbei sind Eingangsparameter wie
Sondentyp und -abmessungen,
Bodenwdrmeleitfahigkeit und andere
Bodeneigenschaften, Grundwasserstromung,
thermische Leistung, Jahresarbeitsstunden,

Kihlung und andere Parameter anzugeben.

ModTRT wird fur die Auswertung des
(Geo)Thermal Response Tests (TRT) eingesetzt,
sowohl flir RRS als auch fir die gangigen
Erdwdarmesondentypen. Die erforderlichen
Eingangsparameter werden im TRT gemessen

und bereitgestellt.

Fir eine Sondenfeldberechnung kommt
ModGeo3D hinzu. Es nutzt die Simulation flr
Einzelsonden aus ModThermWg und wendet
diese auf einen im 3D-Schema definierten
Erdkorper an. Hierbei ist es unerheblich, ob alle

Erdwarmesonden (EWS) im Sondenfeld gleich

sind oder ob jede EWS eine eigene Dimension

und einen eigenen Typ aufweist.

Das ModX-Paket arbeitet ohne analytische

Vereinfachungen, sondern mittels

numerischer Losungen der
Warmetransportgleichungen im 3D-Raum in
jedes und in/aus jedem Einzelrohr in seiner
definierten Lage im  Bohrloch  (inkl.
Wandabstand der Rohre zum Bohrloch).
Dadurch werden der thermische Kurzschluss,
der Einfluss der Rohrwanddicke, die
Eigenschaften des Verfillbaustoffs und bei
Bedarf die Grundwasserstromung
berlicksichtigt. Ergebnis ist ein exakter, zeitlich
hochaufgeloster Betriebsverlauf, der sich auch

in Referenzanlagen bestatigt hat.

Mittels ModThermWg und ModGeo3D wurde
eine  Simulationskampagne  durchgefiihrt.
Dabei entstandene Kennfelder stehen intern
flr eine softwaregestiitzte Schnellauslegung
fur Einzelsonden und Sondenfelder bereit.
Ausgelegt wird der Bedarf an Ringrohrsonden
und Doppel-U-Rohrsonden in Anzahl und
Lange im Vergleich. Fiir groBere Sondenfelder
ist eine anschlielende genauere Auslegung
unerlasslich. Es stehen mit der
Schnellauslegung aber bereits gute
Anhaltspunkte bereit. Eine Onlineversion ist in

Arbeit.
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Abbildung 3: Spezifische Leistung fiir Ringrohrsonde, Doppel-U-Rohrsonde und VDI 4640 (iber
Betriebsstunden der Wdrmepumpe je Jahr (h), VL-Temperatur (°C) und Bodenwdrmeleitfdhigkeit (W/(mK))

basieren auf Berechnungen mit EED fir

Doppel-U-Rohrsonden mit einer
VALIDIERUNG VON MODTHERMWG

Warmeleitfahigkeit des Verfiillmaterials von

MIT VDI 4640 o .
0,8 W/(mK). Damit ist der erste Schritt der

Zur Uberpriifung der Simulationsergebnisse ist Validierung erfolgreich abgeschlossen worden.
ein Vergleich mit dem aktuellen Stand des

Fir die Ringrohrsonde zeigen sich deutlich

Wissens und der Technik zweckmaRig. So hohere spezifische Leistungen als fir die

wurden die Simulationen fur  die Doppel-U-Rohrsonde. Ersichtlich ist, dass die

Ringrohrsonde (10 & 16x1,5, 40x3,7) und fiir Leistungsfahigkeit der Ringrohrsonde

die Doppel-U-Rohrsonde (32x2,9) streng nach gegeniber der Doppel-U-Rohrsonde  bei

dem Schema der VDI-Richtlinie 4640 Blatt 2 geringeren Jahresbetriebsstunden und

Seite 104 ff. durchgeflhrt. Es zeigt sich in hoheren Bodenwarmeleitfahigkeiten auch

Abbildung 3, dass die Werte aus der VDI 4640 . .
relativ steigt.

(rechter Balken der Dreiergruppe) mit den

simulierten Werten aus ModThermWg fir die Der Nachweis fiir die hohe Leistungsfahigkeit

Doppel-U-Rohrsonde (mittlerer Balken) sehr der Ringrohrsonde wird im Folgepunkt gezeigt.

gut Ubereinstimmen. Die Werte der VDI 4640
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VERGLEICH VERSCHIEDENER
ERDWARMESONDEN (EWS) AN EINER
REFERENZANLAGE

Zur Bestatigung der hohen Leistungsfahigkeit
der Ringrohrsonde nach den Simulationsdaten
wurde ein reales Kundenprojekt mit

verschiedenen EWS realisiert und mit

zusatzlicher Messtechnik (VL-, RL-
Temperaturfihler, Volumenstrommesser)
ausgestattet. Anonymisiert wird das aus 3 EWS
bestehende Sondenfeld als Anlage E gefiihrt.
Es besteht aus einer RRS mit Verfillschlauch
(RR1), einer RRS ohne Verfillschlauch (RR2)

und einer Doppel-U-Rohrsonde (US3).

Sie sind im Abstand von 7m zueinander
abgeteuft (Tiefe 80 m) und an die gleiche
Warmepumpe angeschlossen. Die
Volumenstrome (18 1/min.) und die VL-
Temperaturen (Injektionstemperaturen) aus
der Warmepumpe sind gleich groB. Das

ermoglicht einen direkten Vergleich der

Leistungsfahigkeit der drei EWS.

Das Verfillmaterial hat fur alle drei EWS den
Warmeleitwert von 0,8 W/(mK). Die Position
der Doppel-U-Rohrsonden im Bohrloch ist
allerdings zumeist willkiirlich, was stellenweise
auch Wandanlage ausdriicklich einschlief3t.
thermischen

Das vermindert den

Bohrlochwiderstand.

Der Verlauf der Messdaten als
Tagesmittelwerte ist in Abbildung 4 gezeigt.
Bei einer Bodenwiarmeleitfahigkeit von ca.
1,8 W/(mK) ergibt sich fur die Ringrohrsonde
(RR1) eine um 37 % hohere Leistungsfahigkeit
gegenilber der Doppel-U-Rohrsonde (US3) bei
gleicher Zirkulationsrate. Wie aus Abbildung 4
ersichtlich, liegt die Rucklauftemperatur der
RR1umca. 0,4 K Giber der von US3, so dass eine
Erhohung der Zirkulationsrate in RR1 um
6 I/min. auf 241/min. zu einer weiteren
Leistungserh6hung um etwa 8 % gefiihrt hatte.

Die Volllastnutzungsdauer der Anlage E liegt

bei ca. 2200 Jahresbetriebsstunden.

Die Ringrohrsonde ohne Verfiillschlauch (RR2)
ist nur minimal besser als die Doppel-U-
Rohrsonde — eine Folge der willkirlichen

Rohranordnung gegentiber der RR1.

An der passiven Kiihlung nehmen RR2 und US3
praktisch kaum Teil. Fast die komplette
Kihlung UGbernimmt die mit dem Erdreich

optimal verbundene Ringrohrsonde (RR1).

In einer dritten Stufe der Validierung

(Abbildung 5) werden die gemessenen VL-
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Abbi/dung 4: Jahresverlauf in Tagesmittelwerten fiir die Ringrohrsonde mit Verfiillschlauch (RR1), die RRS
ohne Verfiillschlauch (RR2) und Doppel-U-Rohrsonde (US3) fiir die Referenzanlage E

Temperaturen der EWS als Eingangsparameter
flr die Simulation in ModThermWg eingesetzt.
Simulationsverlauf und Messpunkte dhneln

sich sehr. Die mittlere quadratische

Abweichung der simulierten von der

gemessenen Warmeleistung fiir die Doppel-U-

Rohrsonde liegt bei 16,5 % (bezogen auf die

die  Ringrohrsonde bei 21,7%. Die
Abweichungen bewegen sich in einem
akzeptablen  Korridor. Messungen und

Simulation zeigen fiir die Ringrohrsonde auch

hier wieder die héhere Leistungsfahigkeit.

Auch die Messungen der zweiten und dritten

Stufe der Validierung zeigen die hohe
10 10
. . ol . f . I
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Abbildung 5: Doppel-U-Rohrsonde (US3) und Ringrohrsonde (RR!) im direkten Vergleich gemdfs Messungen
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nN

und Simulation

mittlere gemessene Warmeleistung), die fir
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Leistungsfahigkeit 