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and Geothermal Energy, ing groundwater flow velocity and direction at borehole heat exchangers (BHEs). The
E.ON ERC, RWTH Aachen TSM maps the horizontal temperature distribution around a BHE. As groundwater flow
University, Aachen, Germany distorts this temperature distribution, flow velocity and direction can be inferred from
the measured temperatures. As modular systems, TSMs can be attached to a BHE at any
depth. For the studied BHE, the depths of interest are 82 m and at 94 m. We recorded
TSM data for 2 weeks before and during the operation of the BHE. After simulating the
working fluid temperature, we model the horizontal temperature distributions using
the working fluid temperatures at the depths of interest as input. We use the latter
simulations for inferring groundwater flow by minimizing the root mean square error
between the measured and simulated temperatures. We obtain a groundwater flow
of 0.4 m/day in the NW direction and groundwater flow below the detection limit of
0.01 m to 0.02 m/day at 82 m and 94 m depths, respectively. A flow meter measure-
ment in a nearby groundwater well confirms the flow direction at 82 m but gives an
order of magnitude higher velocity, which we attribute to the measurement principle.
Moreover, long-term monitoring of a BHE equipped with multiple TSMs could provide
information on seasonal variations in groundwater flow, changes in the thermal prop-
erties of the BHE filling or changes in the thermal resistance between BHE and ground.

Keywords: Borehole heat exchanger, BHE, Groundwater flow, Advective heat
transport, Enhanced geothermal response test, Temperature sensor module

Introduction

For heating and cooling, an increasing number of industrial and multifunctional build-
ings, e.g., hotels, communal buildings, greenhouses or construction halls, and even city
quarters, are being equipped with borehole heat exchanger (BHE) fields (e.g., Futterer
et al. 2011; Omer 2008). The efficiency of an individual BHE mainly depends on (i) geo-
physical subsurface properties (DGGV 2016), e.g., porosity, permeability and heat con-
ductivity, (ii) the BHE design itself and (iii) the backfill material (Luo et al. 2013; Alberti
et al. 2017). However, the efficiency of BHE fields, especially their long-term efficiency,
is also affected by the distance between neighboring BHEs (Hellstrom 1983) and by the
overall BHE field geometry (Claesson and Eskilson 1988; de Palya et al. 2012). Moreover,
the influence of these factors can significantly increase with groundwater flow. Due to its
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advective heat transport, groundwater flow also influences the efficiency of a single BHE.
However, especially for dense BHE fields, the influence of groundwater flow cannot be
underestimated (Diao et al. 2004; Hecht-Mendez et al. 2013). Recent research shows that
considering groundwater flow for BHE field design and operation can lead to effective
long-term behavior, i.e., to sustainable use of the BHE field (Riveraa et al. 2015).

In other words, the sustainable operation of BHE fields requires knowledge of sub-
surface groundwater flow. There are different methods for measuring groundwater flow
in boreholes; see Morgenstern (2005) or Guaraglia and Pousa (2014) for an overview of
these methods. All are based on different physical principles but require open boreholes,
which might not be available close to the BHE field of interest. Moreover, characterizing
heterogeneous groundwater flow, i.e., heterogeneous aquifers, would require many addi-
tional boreholes. Therefore, we developed the temperature sensor module (TSM) for
deducing groundwater flow velocity and direction by utilizing the BHE as a heat source
(or sink) and mapped the temperature distribution in its vicinity. In Michalski and
Klitzsch (2018), we presented the TSM concept and a prototype of the TSM applied in a
laboratory test, but we also briefly explain the design and the operational principles here
(see below). To obtain meaningful flow parameters from open borehole methods, the
measured values must be corrected to account for the influence of the open hole and of
the surrounding filter material. In contrast, the distortion of the flow field caused by the
nonpermeable TSM is directly taken into account in the simulation of TSM data. Thus,
no postprocessing of the flow properties is required for deriving meaningful results from
TSM data.

Here, we present the first TSM field experiment. For this, an additional borehole was
drilled close to the BHE field of the E.ON ERC main building of RWTH Aachen Uni-
versity. Subsequently, a double U-tube BHE with two TSMs attached at 82 m and 94 m
depth was inserted into the hole. We selected those depths because Pechnig and Mot-
taghy (2012) suggested groundwater flow at these depths. They compared the apparent
thermal conductivities obtained from an enhanced geothermal response test (EGRT,
Kappelmeyer 2011) with the synthetic thermal conductivities calculated from a gamma-
ray log. From an EGRT, a vertical apparent heat conductivity profile is calculated, which,
in regions with groundwater flow, is influenced by advective heat transport. Thus, the
result is called apparent thermal conductivity. In regions without groundwater flow, the
EGRT gives the true thermal conductivities. At depths where the thermal conductivities
obtained from EGRT and gamma-ray logs significantly deviate from each other, Pechnig
and Mottaghy (2012) interpret a high likelihood for groundwater flow.

In this paper, we first introduce the TSM and its technical specifications, discuss the
measurements of the TSM sensors and estimate their errors. We also show tempera-
ture profiles measured by the distributed temperature sensing (DTS) method, which we
subsequently use for validating our simulation of the working fluid temperature and for
calibrating the TSM temperature measurements. After explaining the applied measure-
ments, we introduce the numerical models employed for the interpretation of the TSM
data later on. With the first model, we simulate the fluid temperature in the inflow and
outflow pipes of the BHE with respect to depth, whereas the second model is used to
simulate the temperature distribution in a horizontal plane within and around the BHE.
In the Results chapter, we show the recorded TSM temperatures together with those
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from simulations which match the measured TSM temperatures best and, thus, give the
corresponding groundwater flow velocities and directions for the two studied depths.
Finally, we compare our results with those of a commercially available optical measuring
system from PhreaLog (Schottler 2004) and discuss the advantages and disadvantages of
the TSM.

Methods

Temperature sensor module (TSM)

For reader convenience, we briefly explain the design and the functional principle of
the TSM here. For a more detailed description, see Michalski and Klitzsch (2018); for
technical details, see also the German patent DE102016203865 (Michalski and Klitzsch
2017).

We designed the temperature sensor module, shown in Fig. 1, for mapping the tem-
perature distributions on horizontal planes close to a BHE. For this, a TSM contains
48 digital temperature sensors at three horizontal levels and a magnetic field sensor for
measuring the TSM orientation. Each level consists of two concentric rings with eight
temperature sensors on each ring. The temperature sensors are installed radially on two
framing tubes. The inner tube with a diameter of 90 mm encloses the inflow and outflow
tubes of the BHE. The attached sensors provide the TSM orientation, i.e., the position
of the temperature sensors, relative to the inlet and outlet tubes of the BHE. The outer
tube, with a diameter of 150 mm, fits exactly in a standard BHE well. The attached sen-
sors measure the temperature distributions at the exterior of the BHE. Advective heat

transport by groundwater flow causes a distortion of the temperature distributions in
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Fig. 1 Scheme of a BHE equipped with two temperature sensor modules (left), close-up of one TSM (middle),
and bird’s-eye view of a TSM sensor plane with the temperature sensors shown as black dots (right)
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the flow direction and proportional to the flux. Therefore, these temperature measure-
ments provide information on groundwater flow.

In a TSM, an 8-channel inter integrated circuit (I*C) multiplexer (PCA9547) connects
all sensors for temperature and magnetic field measurements and handles the multiple
data communication channels going to the surface. While the range of normal I°C appli-
cations is less than 10 meters, we had to use an I>’C expander to modulate the signals for
distances up to 100 m. Up to three TSMs can be connected serially and thus are installed
at different depths while using only one communication cable. However, for backup rea-
sons, we connected each TSM to a separate communication cable (CAT-7). As the con-
trol unit, we used an Arduino Mega 2560 microcontroller, which stores all sensor data
in a MySQL database. As downclocking of the microcontroller is needed due to the long
distances, data sets are available every minute. As digital temperature sensors, we used
ADT7420 I>C temperature sensors [datasheet ADT7240 (2019)]. They have an accu-
racy of £0.2 °C in the temperature range between — 10 and 80 °C and a resolution of
0.0078 °C (16 bits). Their low temperature drift and low power consumption make them
ideal for precise temperature measurements at moderate cost. The compatibility with
the I>C protocol allows addressing four such sensors in a single line, resulting in a small
electronic device size, which is important because of the limited space in a BHE. The
magnetic field sensor, a triple-axis magnetometer (Compass) Board—HMC5883 [data-
sheet HMC5883 (2019)], provides the orientation of the TSM relative to magnetic north.

Testbed BHE

As a testbed system for BHE, we added a standard PE 100 double U-tube BHE of 100 m
length to the BHE field of E.ON ERC of RWTH Aachen University. The BHE field con-
sists of 40 double U-tube borehole heat exchangers and serves as storage for the cooling
and heating system of the multifunctional E.ON ERC main building (Fiitterer and Con-
stantin 2014). In contrast to the 40 original BHEs, the testbed BHE is equipped with two
TSMs (Fig. 1). They are attached to the BHEs at depths of 82 m and 94 m. After deepen-
ing the BHE, Thermocem®, with a thermal conductivity of 2 W m™! K™™', was used as
backfill material. The testbed BHE is located approximately 25 m east of the BHE field.
We chose a location which is upstream from the BHE field according to hydrological
maps to reduce any influence from neighboring BHEs. As shown in Fig. 1, the double
U-tube BHE has two inlet and outlet tubes with diameters of 32 mm each. They are con-
nected to the field facility system in a duct, where Pt-100 sensors monitor the inlet and
outlet fluid temperatures. Additionally, a magnetic flow rate sensor monitors the fluid
flow through the BHEs.

Distributed temperature sensing

The testbed BHE is also equipped with an optical fiber loop to its downward pipes and to
its upward tubes. This optical fiber enables distributed temperature sensing (DTS) along
the BHE (He et al. 2018). Here, we use a DTS with a spatial resolution of 1 m and a tem-
perature resolution of 0.1 K. During the experiment, the temperatures along the BHE
legs were monitored by DTS to verify the simulated fluid temperatures along the inlet
and outlet pipes.
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Numerical simulations

We used the in-house programs SHEMAT (Clauser 2003), which stands for simulator
for heat and mass transport, and the further developed SHEMAT Suite (Rath et al.
2006) for the numerical simulations in this study. Both allow solving the heat equa-
tion including advective heat transport (Carslaw and Jaeger 1959), e.g., caused by
groundwater flow. We built two models for simulating the temperature distributions
close to a BHE:

1. We use a model of a vertical tube in cylindrical coordinates (Fig. 2a) to simulate the
working fluid temperatures of the BHE as a function of depth. This model provides
the input values, i.e., the fluid temperatures of the inlet and outlet pipes, for the sim-
ulation of the horizontal temperature distributions around the BHE. Please see BHE
pipe model section for the details of the BHE pipe model.

2. For specific depths, we model the temperature distribution inside and in the vicinity
of the BHE using a 2D numerical model of the BHE’s cross section and its surround-
ing soil and rock (Fig. 3a). The simulation results are subsequently compared to the
temperatures measured by the TSM. To infer flow velocity and direction, we look for
the minimum of the root mean square error between the measured temperatures
and those simulated for different groundwater flows. In Horizontal BHE model sec-

tion, we explain the horizontal BHE model in detail.
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Fig. 2 a 2D model of a BHE tube using cylindrical coordinates—the vertical symmetry axis is at x=0.The
colors denote units with different physical properties. For example, the inner pipe (P), the pipe walls and the
BHE's cement (C) (from left to right) are shown in blue colors between x=0 and x=0.07 m. Layers 1 to 6
denote different geological units with thermal conductivities of 1.89, 2.6, 2.83,3.41,2.97 and 34W m~' K™,
respectively. b The dashed and dotted black lines show the simulated temperatures at the outer surfaces of
the inlet and outlet tubes, respectively. The solid black line shows the undisturbed temperature
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0 150
Fig. 3 Horizontal 2D model of the BHE (a) with color-coded domains and monitoring points marked in red. b
Scheme of the TSM surrounding the BHE with numbered temperature sensors. The four circles in the middle
show the inlet and outlet tubes marked by dots and crosses, respectively

Table 1 Parameters for the simulation of the working fluid temperature along the BHE

Parameter Value

Pipe diameter, wall thickness 32mm, 2.9 mm
Pipe length 100 m

Thermal conductivity of the pipe wall 03Wm™TK™!
Thermal conductivity of the cement 2Wm™T K
Thermal conductivity of rocks 2t034Wm~ K™
Inlet temperature 14.5 °C

Outlet temperature Calculated

Flow rate 244 min™'

Results and discussion

BHE pipe model

We are interested in the working fluid temperatures along the BHE inlet and outlet
pipes. As the estimation of these temperatures is not trivial and analytical approaches
even for U-tubes are complicated (Claesson and Javed 2018), we only consider a single
pipe and make use of its cylindrical symmetry. Figure 2a shows the model in cylindri-
cal coordinates with the axis of symmetry in the middle of the pipe. The model con-
sists of the working fluid, the pipe wall, the BHE filling (cement) and the surrounding
Earth layers. This model has 20 cells in the radial direction and 120 cells in the axial
direction which corresponds to an overall radius of 2.5 m and a depth of 160 m. The
cell size in the radial direction varies in relation to the BHE components from 16 mm
to 1 m; in the axial direction, the cell size is 0.1 m. Table 1 gives additional infor-
mation about the model, e.g., the pipe geometry and the thermal properties used.
The thermal properties of the underground materials were taken from EGRT tests
(Kappelmeyer 2011) and from geophysical laboratory measurements (Pechnig and
Mottaghy 2012). The horizontal, colored bands, 1 to 6, in Fig. 2a represent the under-
ground layers with thermal conductivities ranging from 2 to 3.4 W m~! K™, For the
initial, undisturbed temperature distribution of the model, we use the temperatures
measured by the DTS and from well logging data before BHE operation.
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We run two simulations. First, we simulate the temperature distribution for the inlet
tube, i.e., for a downward flowing working fluid. As input, we use the BHE’s real inlet
temperature and flow rate of 14.5 °C and 24.4 L/min, respectively. Subsequently, the cal-
culated time-dependent fluid temperature at the bottom of the inlet pipe is used as input
for the second simulation. Here, we simulate the temperature distribution of the outlet
tube, i.e., for the upward streaming working fluid. We run both simulations until reach-
ing steady-state conditions after approximately 4 h.

Figure 2b shows the calculated temperatures at the outer walls of the inflow and out-
flow pipes after 4 days of operation. In the first 10 m to 15 m below ground, both the
inlet and outlet temperatures decrease considerably because of the low temperatures
in this region. They are influenced by the previous winter, i.e., they are on average 5 K
below the temperatures in deeper regions. Because of the initial and undisturbed sea-
sonal underground temperature distribution, the inlet and outlet temperatures decrease
considerably. Below this, both temperatures remain more or less constant; they only
vary in a range of £0.15 K. The temperature differences between the inlet and outlet
pipes decrease with depth. From the simulations, we deduce the pipe wall temperatures
at the TSM positions. At 82 m depth, they are 13.8 °C and 13.7 °C, and at 94 m, they are
13.8 °C and 13.75 °C for the inlet and outlet pipes, respectively.

The introduced model and the simulation sequence simplify the BHE and neglect the
interaction between the inlet and outlet pipes. However, neglecting the horizontal heat
flow seems reasonable because of the small temperature differences between the pipes.
Moreover, the simulated temperatures agree with the DTS measurements recorded for
the last 30 m along the BHE as shown in Results of TSMs section. Therefore, we con-
clude that we can approximate the temperature distribution along the inlet and outlet
pipes with the introduced approach at least for short BHE operation periods. We use the
calculated inlet and outlet tube temperatures at the TSM positions as input for the hori-
zontal BHE model discussed in the next section.

Horizontal BHE model

We apply the model, which we introduce here, to study the influence of groundwater
flow on the temperature distributions recorded by the TSMs. With the model at hand,
we study the sensitivity of the temperature distributions measured at the sensor posi-
tions to groundwater flow. The 2D model represents a horizontal cross section of a BHE
and the surrounding soil (Fig. 3a). In Fig. 3a, b, the four inner circles represent the inlet
and outlet tubes of the BHE. The square in the middle of Fig. 3a approximates a tube
used to grout the cement into the BHE. Figure 3b shows the inner part of the model, i.e.,
a scheme of the TSM where the numbers represent the temperature sensors. The model
consists of 75 by 75 cells with a cell size varying from 3.2 mm up to 8 cm at the outer
boundaries, which corresponds to an area of 1 m x 1 m.

Using the parameters given in Table 2, we simulate temperature distributions for
different groundwater flow scenarios. We vary the groundwater flow velocity from
4x107% m s7! down to zero flow (flow direction of 0°, i.e., from sensor 1 to 5, see
Fig. 3b) and the flow direction from 0° to 337.5° in steps of 22.5° at a constant veloc-
ity of 3 x 107® m s~ !. Figure 4 summarizes the simulation results for the TSM at 82 m
depth. In Fig. 4a, b, we show the temperatures for different incident angles at the
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Table 2 Parameter of the horizontal BHE model

Parameter Value

Model dimensions 150 x 150,3.2 mm to 4 cm

Pipe diameter 32mm

Thermal conductivity of cement 2Wm™T KT

Thermal conductivity of soil 297Wm~' K™ (@82 m),
34Wm' K (@94 m)

Inlet temperature 13.8°C

Outlet temperature 13.7°C(@82m), 13.75°C (@ 94 m)

Undisturbed soil temperature 12°C(@82m), 124 °C (@94 m)

inner ring outer ring

247.5° 337.5°

flow

-_}- B direction
15 16
13.3 x10°ms™!
noflow. ===~ _ .
-==04" £
0132 13 ==
S - flow
c 2 rate
131 3
4
45
13
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
number of sensors number of sensors

Fig. 4 Simulated temperatures at the TSM at 82 m depth. The left and right columns show the temperatures
at the inner and outer ring sensors, respectively. In the upper row (a, c), the incident angle of the
groundwater flow is varied, whereas the velocity is varied, for flow in the direction from sensor 6 to 2 in the
lower row (b, d), which equals 247.5°

inner and outer rings, respectively. At the inner ring, the variation in flow direction
influences the temperature only slightly with a maximal temperature change of only
50 mK compared to the temperatures without groundwater flow. The temperatures of
the inlet tubes and outlet tubes, even though they differ by only 0.1 K, dominate the
temperature distributions measured on the inner ring. Therefore, the flow direction
cannot be deduced from the inner ring data.

At the outer ring, the influence of flow direction on temperature is greater but
is still below 0.2 K for a temperature difference between the working fluid and the
ground of approximately 1.5 K. However, the flow direction affects the temperature
distribution systematically (Fig. 4b). Thus, it can be deduced from the outer ring tem-
peratures with a directional resolution of 22.5°.

A varying flow velocity similarly affects the TSM temperatures. While the tempera-
ture varies little at the inner ring, the velocity-dependent temperature changes are
higher at the outer ring (Fig. 4c, d). Again, for the given temperature difference, they
are approximately 0.2 K compared to the no flow conditions and are not very high.
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Therefore, considering the 50 mK standard deviation of the TSM sensors, only flow
velocities above 107 m s™! can be resolved at a depth of 82 m.

We conclude from the sensitivity study that the inner sensor ring is essential to deter-
mine the position of the TSM relative to the BHE tubes. The temperatures of the inlet
and outlet tubes dominate the temperatures measured at the inner ring, even though
groundwater flow slightly influences them as well. We observe the opposite effect at the
outer ring. Here, the influence of groundwater flow dominates the measured tempera-
tures. Thus, they can be utilized for inferring groundwater flow velocity and direction.

Results of TSMs

We used the temperatures recorded before BHE operation (over a period of 20 min) to
calibrate the TSM sensors. To ensure steady-state conditions, i.e., drying of the backfill-
ing cement, we measured these temperatures 1 month after installing the BHE. For a
nonoperating BHE, all TSM temperature sensors at a given depth must have the same
temperature. Thus, we calibrated the TSM sensors using DTS measurements as well as
the temperatures measured by a probe in a nearby groundwater well. At depths of 82 m
and 94 m, the temperature is approximately 12 °C and 12.24 °C, respectively. For each
sensor, a temperature offset was stored and used for correcting the temperature meas-
urements during the experiment. We found the standard deviation of the sensors was
less than 30 mK when averaging 12 measurements.

In Fig. 5, we show measured DTS temperatures of the last 30 m of the BHE before
and during its operation. The DTS temperatures during BHE operation are also
shown for steady-state conditions. Because the TSM’s casing contributes to the
overall thermal conductivity at the location where it is mounted, it induces a tem-
perature decrease at each installed location. While the temperature measured by
the DTS increases over the entire BHE, locally at the TSM positions, the measured

701 "
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‘::'-_‘ - = -water well
'\"-.: B TSM sensors
7sr DTS down/BHE off
T DTS up/BHE off
i DTS down/BHE on
80| ——DTS up/BHE on
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Fig. 5 Temperatures measured 70 m to 100 m below the surface before and during BHE operation. The
dashed lines show the temperatures measured with the DTS method before BHE operation and with a
temperature probe in a nearby well (without BHE). The black squares show the TSM temperatures before BHE
operation. The solid lines show the temperatures measured by DTS during BHE operation
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temperatures are smaller than expected in a single BHE. The TSM temperatures
are shown at their expected positions by black squares. The DTS temperatures dur-
ing BHE operation are higher (solid lines). However, they deviate slightly from the
TSM temperatures as the DTS cables were mounted outside of the TSM modules.
Therefore, the DTS temperatures at the TSM positions have local minima at approxi-
mately 82 m and 94 m, where we expect the TSM, i.e., the DTS data confirm the TSM
positions.

In addition to the TSM depths, the TSM orientation is required for deducing the
groundwater flow direction. For the TSM orientation, we use the magnetic field sen-
sors (HCM5885) of the TSM. First, we calibrated each TSM with respect to the Earth’s
magnetic field at the investigation site. Subsequently, we monitored the magnetic field
data during installation and BHE operation. Figure 6 shows the TSM direction rela-
tive to the Earth’s magnetic field for both TSMs (Fig. 6a in 82 m and Fig. 6b in 94 m)
during and shortly after installation. It seems that the magnetic field sensor of the
TSM at 82 m had an aberration during the first operational interval. As natural tor-
sion would cause a smoother change in orientation, we assume that the outliers meas-
uring 90° are caused by electronic interference. In contrast, the magnetic field sensor
of the TSM at 94 m shows a quite stable orientation of approximately (330 £ 1)°. We
conclude that there is only negligible torsion of the modules during installation. Thus,
the final TSM orientations correspond those at insertion of the TSMs into the drilling
hole.

To validate the introduced methodology for determining groundwater flow and
direction, we operated the testbed BHE for 14 days. During BHE operation, TSM data
were collected every minute. Additionally, we recorded operational BHE data. These
data remained nearly constant during BHE operation; flow rate, inlet and outlet tem-
perature were 24 L min~?!, 14.5 °C and 14.1 °C, respectively. Both temperatures have
an accuracy of 0.1 K. For analyzing the influence of groundwater flow on the tempera-
tures measured by the TSM, we used the data recorded steady-state conditions. They

TSM magnetic field sensor in 82 m 335 TSM magnetic field sensor in 94 m
1805 M
1601
£ 140t
Q
(<]
c
®
120
100
L . .
80 : . . 325 : . . .
0 500 1000 1500 2000 0 500 1000 1500 2000
datapoints datapoints
Fig. 6 TSM orientation recorded by magnetic field sensors for the TSM at 82 m and 94 m depth during
installation
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were attained after 10 days of BHE operation. We selected a period with minimal var-
iations of the inlet and outlet temperatures. As described in BHE pipe model section,
they are used for simulating the fluid temperatures of the inlet and outlet tubes at the
BHE depths.

We present the TSM data together with the numerical simulation results at depths of
82 m and 94 m in Figs. 7 and 8, respectively. In both figures, subplots a and b show the
temperatures of the inner and outer rings before BHE operation, and subplots ¢ and d
show the steady-state temperatures of the inner and outer rings during BHE operation,
respectively. The dashed black lines show the numerical simulations for no flow condi-
tions, while the solid black lines show the numerically calculated temperatures at the
sensor positions with groundwater flow. The black squares depict the measured temper-
atures with their standard deviations shown as error bars. Additionally, we summarized
the measured and simulated data for the inner and outer rings in subplots (polar plots) e
and f, respectively.

At a depth of 82 m, the mean temperature before BHE operation is approximately
12 °C for all sensors (Fig. 7a, e). At BHE operation, one can identify the sensor posi-
tions at the inner ring with respect to the inlet and outlet tubes (Fig. 7e); sensors 1 and
3 are close to the inlet tubes, while sensors 5 and 7 are next to the outlet tubes. The
influence of groundwater flow on the temperature distribution is best seen in the outer
ring sensors (Fig. 7d, f). They prove that groundwater flow has to be taken into account
to reproduce the observed temperatures in the simulation. For different scenarios with
various groundwater flow directions and gradual increasing flow velocities ranging from
0.4x107°m s to 4.5 x 107® m s™}, we numerically computed the temperatures at the
TSM sensor positions. Subsequently, we compared them with the measured tempera-
tures. The minimal root mean square error between the measured and calculated tem-
peratures is found for a groundwater flow velocity of approximately 4 x 107® m s™! in the
NW direction at 82 m depth.

For data interpretation, various error sources must be considered. In addition to the
errors of the temperature sensors, their positions can change during installation. This
would cause a deviation between the predicted and measured temperatures. Addition-
ally, the TSM casing and electronic parts are not considered in the simulation, which
might result in a slight deviation as well. However, this error is negligible under steady-
state conditions.

Analogous to Fig. 7, Fig. 8 shows the measured and calculated temperatures at a depth
of 94 m. Again, the positions of the inlet and outlet tubes relative to the TSM can be
deduced from the inner ring temperatures (Fig. 8¢). As the warmer working fluid flows
into the inlet tubes, the sensors close to them show higher temperatures. Inner ring sen-
sor 1 as well as the outer ring sensors 9 and 16, which outrange the predicted tempera-
tures, must be considered with caution. We assume that a displacement of the sensors
during installation caused this deviation. As their initial temperatures are consistent
with the other sensors, they seem to work properly.

For the TSM at a depth of 82 m, we compare the measured and simulated data of the
outer TSM ring at 94 m (Fig. 8d, f) to infer groundwater flow. The temperature differ-
ence between the measured and the simulated data without groundwater flow is below
the 50 mK standard deviation of the temperature sensors. Thus, no groundwater flow
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Fig. 7 Measured and simulated TSM temperatures at 82 m depth. The left and right columns show the
inner and outer ring temperatures, respectively. They are shown both as a standard plot (a-d) and as a polar
plot (e, f). a, b show the temperatures before BHE operation, ¢, d the steady-state temperatures during BHE
operation. Black squares represent the measured data; solid and dashed black lines represent the simulated
temperatures with and without groundwater flow, respectively. The red square marks the position of the first
sensor
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Fig. 8 Measured and simulated TSM temperatures at 94 m depth. The left and right columns show the inner
and outer ring temperatures, respectively. They are shown both as a standard plot (a—-d) and as a polar plot (e,
f). a and b show the temperatures before BHE operation, ¢ and d the steady-state temperatures during BHE
operation. Black squares represent the measured data; solid and dashed black lines represent the simulated
temperatures with and without groundwater flow, respectively. The red square marks the position of the first
sensor
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above the resolution limit of 8 x 1077 m s™! can be identified at a depth of 94 m. How-
ever, we found the lowest root mean square error between the measured and calculated
temperatures (with flow) for a groundwater flow velocity of 2 x 1077 m s~ in SW direc-
tion (solid black line in Fig. 8f).

For comparison, we measured groundwater flow using a commercially available optical
measurement tool developed by PhreaLog (Schoéttler 2000). With the optical measure-
ment probe, particle trajectories within the groundwater can be detected in an obser-
vation well. Thus, groundwater flow direction and velocity can be derived from a time
series of particle trajectories images. The measurements were taken in a nearby well at
different depths. At 82 m, we measured a flow rate of 3 x 107> m s ! in the NW direc-
tion. While the direction matches the TSM result, the velocity determined with the opti-
cal tool is one order of magnitude higher. The difference in velocity may be caused by
horizontal permeability variations or, more likely, by the measuring principle of the opti-
cal tool. It measures water flow in an open water well, i.e., the natural flow is disturbed
by the missing rock matrix. Thus, measured flow velocities must be considered higher
than the real groundwater flow velocity (Freeze and Cherry 1979). The velocities meas-
ured by the optical tool probe in the observation well spread in a width range depending
on the depth. Reasons for this apart from the different permeability of the layers, i.e.,
due to backfilling filtering materials surrounding the well or special casing inlets inside
the well, can be also vertical flow of groundwater due to lowering or raising the tool.
In principle, the change in the flow potential and the permeability changes listed in the
sentence above mean that the calculation of the actual groundwater flow velocity can be
complex. The filter velocity inside the well must be converted into the groundwater flow
velocity in the aquifer. Those side-effects are nonexistent when estimating groundwater
flow velocities of BHEs equipped with TSMs. Due to the direct contact between TSMs
and the rock matrix, the temperature measurements are not affected by unwanted physi-
cal mechanisms.

Moreover, in groundwater protection areas, a TSM could be also applied for BHE leak-
age monitoring. In the case of a BHE leakage, the center temperature sensors next to the
point of leakage would register an abrupt temperature change. However, TSMs would
only detect leakages close to their vertical positions. They would not register BHE leak-
ages at other depths.

Finally, yet importantly, we would like to touch on the economic aspect in the discus-
sion. We cannot yet provide a cost for the TSM, but the investment cost for many TSMs
would be small in comparison with the cost of a BHE or even a BHE field. The opera-
tional costs are negligible due to the passive operation, i.e., TSM sensors can automati-

cally record temperatures at any desired sampling rate and period.

Conclusions and outlook

We present a successful test of the novel temperature sensor module (TSM) for meas-
uring groundwater flow. The TSM works passively by measuring the temperature dis-
tribution inside and within the direct vicinity of a BHE. The temperature distribution
allows determination of advective heat transport and hence groundwater flow. As a test-
bed system, we installed two TSMs at a BHE at depths of 82 m and 94 m. At a depth of
82 m, we found groundwater flowing in a NW direction with a velocity of approximately
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4% 107% m s™1, which corresponds to a speed of 0.35 m/day. At 94 m depth, groundwa-
ter flow is below the resolution limit, i.e., the temperature change due to advective heat
transport is less than 50 mK, the standard deviation of the temperature sensor. However,
the groundwater flow resolution of the TSM depends on the temperature difference
between the underground materials and the BHE. Therefore, by increasing the tempera-
ture difference between the working fluid and the subsurface, which can be achieved by
increasing the heating or cooling power for the BHE fluid or its flow rate, the resolution
of the groundwater flow velocity can be increased.

We also compared the groundwater flow measured with the TSM with a commercially
usable optical measurement method for groundwater wells. The result showed agree-
ment in the determination of the groundwater flow direction. The groundwater flow
velocity deviated by about one order of magnitude due to the different geometry and
material conditions, but this is also to be expected.

So far, we only discussed only the one-time determination of groundwater flow with
the TSM. However, when installed on a BHE, a TSM can monitor temperatures over
long periods. Thus, they can provide data on the long-term behavior of the BHE and/
or groundwater flow. For example, they could detect seasonal variations in groundwa-
ter flow, changes in the thermal properties of the BHE filling or changes in the thermal
resistance between the BHE and the ground. Thus, a BHE equipped with multiple TSMs
would provide long-term information, which is otherwise not available, for optimizing
the operation of the corresponding geothermal field.
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