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OPEN Six years of high-resolution
paTaDESCRIPTOR | MONitoring data of 40 borehole
heat exchangers

Elisa Heim®™, Phillip Stoffel?, Dirk Muller? & Norbert Klitzsch?

. Ground-source heat pumps (GSHPs) coupled with borehole heat exchangers (BHEs) are energy-efficient

. technologies for heating and cooling buildings. However, these systems often fail to operate at their

© full potential due to discrepancies between the assumptions made during the design phase and the
actual conditions during operation. To enhance overall GSHP performance, it is crucial to collect and
analyze long-term monitoring data from operating BHE fields. To our knowledge, no long-term, high-
resolution dataset of double U-tube BHEs is currently publicly available. Additionally, most studies

typically monitor only the inlet and outlet of the entire ground heat exchanger rather than individual

. BHESs, hindering detailed performance analysis. With this data descriptor, we present a 6-year dataset

. from a BHE field comprising 40 BHEs, each with sensors for volume flow and inlet/outlet temperatures,

© recorded every 30seconds. We believe this dataset will enhance understanding of individual BHE
performance, provide validation for BHE models, and thus support better GSHP design and operation.

Background & Summary

Ground-source heat pumps (GSHPs) use the ground as a source of energy to heat and cool indoor spaces.
. Compared to fossil-fuel-based heating systems, GSHPs typically offer higher energy performance and lower
© primary energy consumption, leading to reduced emissions"?. Borehole heat exchangers (BHEs) are one of
. the most common and versatile systems for exchanging heat with the ground’. A BHE consists of a borehole,
: commonly 40 to 300 m deep, into which U-shaped pipes are inserted and backfilled with grout to create thermal

contact with the ground. During operation, water or a glycol mixture circulates through the pipes to supply the
- source side of a heat pump or to enable free cooling without the use of a heat pump. Because the average ground
. temperature along the BHE remains relatively constant throughout the year, ground-source heat pumps operate
. with high efficiency for both heating and cooling buildings.
: To equip a building with a ground-source heat pump using BHEs, it is necessary to determine the optimal
. number and length of BHEs required to meet the building’s energy demand. During this so-called design stage,
. the heat exchange of a BHE configuration is simulated over 20-30 years of operation?, and the fluid temperatures

in the final year are evaluated to ensure they remain within region-specific temperature thresholds. This design

simulation requires information about the building’s energy demand and the ground’s thermal properties, both

of which are challenging to predict accurately over such an extended time period. Changes in heating or cool-

ing demand lead to a different thermal exchange in the ground, and subsurface heat exchange is inherently

uncertain®. Effective thermal properties—especially those influenced by groundwater flow—are difficult to pre-
© dict, as they can fluctuate significantly over time due to changes in environmental conditions and groundwater
. level fluctuations. Additionally, simulation models used for design often assume a quasi steady-state thermal
. exchange process between fluid and ground’, while the real operation is often characterized by shorter, cyclic
: operation phases. A recent study demonstrated that neglecting these short-term effects in the design stage leads
: to an oversized BHE field®, thus influencing investment and operation cost’. All in all, the numerous uncertain-
. ties and assumptions result in a mismatch between the thermal performance calculated during the design stage
: and the actual performance during operation.

To quantify uncertainties in BHE modeling and understand real operation strategies, analyzing data from
operating BHE fields is crucial. Monitoring data can reveal whether the building load profile assumed during
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Monitored system Sensors in GHE (temperature and flow rate) Data period and resolution | Data available?
University building in Leicester (UK) with Four PT100 fluid-T sensors (four-wired, calibrated), one clamp-on Initial three years from Jan. g0

56 single-U tube BHEs, 100 m deep'** ultrasonic flowmeter (calibrated, accuracy 0.5%) 2010, 1 min interval ¥

Commercial building in Urbino (IT) with Twelve PT100 fluid-T sensors (sensitivity 0.05 °C), one Four years from Oct. 2010, N/A

six single-U tube BHEs, 100 m deep®! thermophreatimeter (sensitivity 0.1 °C), ten PT100 ground-T sensors | 2h interval

Municipality Hall of Pylaia (GR) with 21 . . . Initial eight years from Jan.

single-U tube BHES, 80 m deep> PT100 film-type 4-wire fluid-T sensors, ultrasonic flow meter 2003, 10 min interval N/A

Archive in Shanghai (CN) with 280 single-U | Fluid: temperature automatic recorders (accuracy 0.5 °C), ultrasonic | Two years from Dec. 2008, N/A

tube BHESs, 80 m deep** flowmeter (accuracy 1-5%) 1 min interval

University building in Valencia (ES) with 6 | 14 PT100 fluid-T sensors (four-wired, accuracy £0.1 °C), 21 PT100 initial eleven years from Feb. yes®®

single-U tube BHEs, 50 m deep®*-*”

ground-T sensors, 1 Coriolis mass flow meter (accuracy £0.1%)

2005, 1 min interval

Student apartments in Stockholm (SE) with
11 single-U tube BHEs, 225-350 m deep, 1
coaxial research BHE, 100 m deep®

Fluid: Produal TEAT LL-N, accuracy +0.3 °C, ground: fiber optic
cables, ultrasonic flowmeter

Half a year from May 2019,
1hinterval

upon request

Office building in Stockholm (SE) with 130
single-U tube BHEs, 230 m deep*’

Fluid: thermistors (4 wires), flow: magnetic induction (accuracy
+0.5%)

Three years from Jan. 2017,
1-5min interval

upon request

Club house in Gothenburg (SE) with 1
single-U tube BHEs, 230 m deep*!

Fluid: Ten PT100 (calibrated, accuracy <0.5 °C), flow: 6 vortex
(accuracy +3%)

Three years from Jan. 2014,
2 min interval

upon request

Student center in Stockholm (SE) with 20
single-U tube BHEs, 200 m deep'**

Two fluid temperature sensors (accuracy <0.5 °C), flowmeter
(accuracy +5%)

Five years from Jan. 2016, 1h
interval

43

yes

Office building (DE) with 25 double-U tube
BHEs, 100 m deep*

Fluid and ground: PT100/ PT500 (accuracy AT >0.5 °C), ultrasonic
flowmeter

Nine years from Jan. 2011,
15 min. interval

upon request

Office building in Niirnberg (DE) with 18

Fluid: PT100 (accuracy £0.05 °C), ground: TLC Meter (accuracy

double-U tube BHEs, 80 m deep* +2%), flow: Promag 53 P (accuracy £0.2%) Four years, 10 min interval N/A
F:lr\l’;f:_lg E)l?;idg;_%g?s’gixﬁg:;sa{o) with Fluid: 2 PT500 (accuracy +0.15 °C), ultrasonic flowmeter Two years from Jan. 2012 N/A
Sfr;?g}gl:ﬂgén]gﬁ%zﬁs;; Igize(;g{) with 24 Fluid: T-type thermocouples Half a year from Mar. 2007 N/A
g e T | Gt 12 e hemocunos (bred s <0500 |y om 2016 | N
Office building at Ponte Arche (IT) with 5 Ground: PT100, 4-wired (accuracy +0.06 °C) 3 years from Apr. 2015, N/A

double-U tube BHEs, 125 m deep*

10 min. frequency

Office building in Gelsenkirchen (DE) with
36 double-U tube BHEs, 150 m deep™

Fluid: PT100 (accuracy <0.5%), ultrasonic flowmeter

14 years from Jan. 2006,
15 min. interval

upon request

Hospital in Kalnes (NO) with 100 single-U
tube BHESs, 250 m deep®!

Fluid: Pt100/Pt500 (accuracy +0.15%), flow: Metrima SVM F4/
Krohne UFM3030

Five years from Jan. 2016

upon request

Office and residential building in
Chongqing (CN) with 90 single-U tube
BHEs, 100 m deep®?

Fluid: T-type thermocouples (£0.5 °C accuracy), ground: RTDs
(accuracy 0.1 °C), flow: ultrasonic (accuracy 5%)

46 days from Jul. 15th and 42
days from Dec. 4th

N/A

Office building in Atlanta (US) with 12
single-U tube BHEs, 122 m deep®***

Fluid: immersion (accuracy: 0.2 °C), dual turbine flowmeter
(accuracy +2%)

Two years from Jul. 2011,
15min interval

upon request

Table 1. Review of studies gathering or analyzing BHE monitoring data and data availability. N/A indicates that
no data availability statement was found.

design accurately reflects the actual load profile during operation. If discrepancies are identified, modifications
can be made to prevent ground thermal imbalance!’. Additionally, monitoring data enables the validation and
comparison of borehole heat exchanger models'' and supports the optimization of operational strategies to
reduce energy costs'. It also helps in identifying malfunctions within the system control'®. Therefore, moni-
toring data is essential for gaining insights into operating conditions and for developing methodologies that
enhance BHE design and operational efficiency.

However, easily accessible, detailed monitoring data of BHEs are sparse. Table 1 provides an overview
of studies analyzing or providing BHE monitoring data. Of 19 reviewed studies, only three actually provide
open-access data. For seven studies, the data is available upon request, while the remaining nine studies do not
include a data availability statement. Besides availability, most studies only record the aggregated inlet and outlet
temperatures of the entire ground heat exchanger (comprising several BHEs), which is insufficient for refin-
ing BHE models and optimizing operation. Moreover, data over extended timespans (exceeding three years) is
limited, and the coarse time resolution (one hour) constrains the validation of optimal control problems that
require high-resolution, long-term data. In addition, information about sensors, their exact placement, and their
uncertainties is not always complete.

With this data descriptor, we present a dataset covering six years of high-resolution monitoring data of
an operating BHE field located in Aachen, Germany. The BHE field is composed of 40 individual 100 m deep
double-U tube BHEs, where each BHE is equipped with its own sensor for inlet and outlet temperature and
volume flow rate. Raw data is provided at 30-second intervals, along with a processed dataset that has been resa-
mpled to five-minute intervals. Parts of the data have been used to validate different modeling approaches or for
theoretical studies (Table 2), but the raw data has not yet been published anywhere in a coherent and accurately
documented form. The detailed, high-resolution monitoring data will serve as a foundation for future studies
aimed at improving BHE design and identifying potentials for operation optimization.
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Study purpose Data period and BHEs used

Reconstruction of thermal response functions? 27 days in March 2024 of all BHEs

Comparison and validation of four BHE modeling approaches'! Two one-month periods and a five year period of two BHEs
Investigation on connection pipes capacity in operating BHE fields' Data of all BHEs from July 2018 to June 2019

Verification of a hybrid BHE model*® Data of all BHEs from July 2018 to June 2019

Validation of a cloud-based optimized operation strategy'? One month of data of all BHEs

Validation of g-function model and parameter estimation for long-term operation optimization® | Data from 2015 to 2018

Table 2. Overview of studies that worked with parts of the data presented here.
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Fig. 1 Overview of the BHE field and monitoring system. (a) Location of the 40 BHEs (numbered circles)

and the three underground vaults (A, B, C), in which the sensors are placed. Horizontal supply and return
pipes between the BHEs and the vaults are shown in black, and the main pipes connecting the underground
vaults to the building in orange. (b) Photography of sensors in underground vault B. (¢) Schematic overview of
underground vault B with sensors at each BHE, as well as cross sections of the horizontal connecting pipes and
the BHE.

Methods

BHE field and monitoring setup. Monitoring data is recorded at the E.ON Energy Research Center (E.ON
ERC), a university building located in Aachen, Germany. The building provides 7800 m? of office space, labora-
tories, and server rooms on four floors. As a research and demonstration facility, the building is equipped with a
variety of energy sources (e.g., combined heat and power plant, condensing boiler) and heating and cooling distri-
bution systems (e.g., radiators, floor heating, concrete core activation)'. The core of the building’s energy supply
is a heat pump with 80 kW thermal output for heating and 258 kW thermal output for cooling. The heat pump is
supplied with low-temperature building waste heat, as well as heat/cold from a BHE field (Fig. 1).
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Parameter Value Unit
BHE Length 100 m
Borehole diameter 0.152 m
BHE geometry Distance between pipe legs 0.04 m
Pipe outer diameter 0.032 m
Pipe wall thickness 0.0029 m
Pipe outer diameter 0.04 m
Horizontal pipe geometry (BHE to vault)
Pipe wall thickness 0.0037 m
Average thermal conductivity 23 Wm'K!
Ground
Average volumetric heat capacity | 2.3 x 10° Jm—3K!
Grout thermal conductivity 2.0 Wm'K!
Materials Grout volumetric heat capacity 1.0 x 10° Jm3K!
Pipe thermal conductivity 0.3 Wm'K!
Thermal conductivity 0.43 Wm'K!
Densit 1054 kgm™3
Fluid Y &
Volumetric heat capacity 3800000 Jm3K!
Dynamic Viscosity 0.0035 Pas

Table 3. Material and geometric properties of the BHE field.

The BHE field consists of 40 double U-tube BHEs with a length of 100 m each. The pipes of the BHEs are
made of high-density polyethylene, the backfill material is thermally enhanced grout. The fluid is a water-glycol
mixture with 35% ethylene glycol content. The geological environment around the boreholes is homogeneous,
with horizontal deposits of clay, silt, and sand. The geometry, material and subsurface properties of the BHEs
and their surroundings are given in Table 3.

The 40 BHESs are arranged in three sub-fields (Fig. 1) with three underground vaults (A, B, C), to which the
respective BHEs are connected via horizontal supply and return pipes. The underground vaults, in turn, are
connected to the building’s mechanical room by main supply and return pipes measuring 29 m, 91 m, and 117 m
in length. The pipes linking the borehole heat exchangers to the underground vaults range from 2 m (for BHE
32) to 60 m (for BHE 13), resulting in a total length of 900 m for all BHEs, including both supply and return
pipes'®. The horizontal pipes are not insulated and buried in sand-filled trenches, whose depth ranges between
1-1.5m. In the control room, two hydraulic pumps with 6 kW electrical power operate alternately to generate
the required volume flow of up to 12001/min in the extensive pipe network.

Sensors and their uncertainties. Inside the underground vaults, each BHE is equipped with a sensor
for the inflow and outflow temperature, as well as the fluid flow rate (Fig. 1). To measure fluid temperatures,
two-wired Pt1000 resistance thermometers were inserted into downward-facing thermal wells (sockets) at the
inlet and outlet pipes. The thermometers correspond to class B of DIN EN 60751'¢!”. Compared to four-wired
thermometers, two-wired thermometers are less accurate and strongly dependant on calibration, especially when
the cable is long'®. To account for this, the cables of all sensors have the same length of exactly 1 m'’.

The uncertainty E of the temperature sensors is commonly described as a limit deviation (i.e., the maximum
allowable deviation from the nominal value) by the manufacturers, denoted as a combination of a constant and
a temperature dependent part:

E; = +(0.3K + 0.005|T]). )

The capital E is used to denote absolute uncertainty, while a lowercase e refers to relative uncertainty'. The
limit deviation is commonly reduced by sensor calibration, i.e., aligning the sensor reading with a known stand-
ard or reference. The measurement resolution (i.e., the smallest detectable change in temperature that the sen-
sors can reliably discern) is 0.05K. To calculate performance metrics, the temperature difference
AT = T,,, — T,,is the quantity of interest, not the absolute measured temperature. To measure AT with a high
resolution, the temperature sensors were calibrated in pairs to reduce the sensor discrepancy. A study on the
calibration of the sensors conducted in 2018%° has shown that, while the absolute measured temperature can be
up to 0.126 K off, the relative temperature difference of the sensor pairs has a maximum deviation of 0.05K.
Thus, the pairwise sensor calibration reduced the absolute error of the temperature difference to

Eyp = +0.05K, )

assuming the same temperature dependence for both sensors. The volume flow V is recorded by Belimo
Energy Valves using ultrasonic travel-time flow meters. Corresponding to Class 2 of the European norm EN
1434?!, the sensors have a relative limit deviation not higher than

ey = £5%. (3)
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Fig. 2 Raw data of BHE 16 for the entire published period. Inlet and outlet temperatures are shown in blue
(left axis), the volume flow is shown in gray (right axis). Data periods in which the operation was optimized are
highlighted in green.
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Fig. 3 Raw inlet (top row) and outlet (bottom row) temperatures grouped by underground vault of three days
in February 2023.

Monitoring system. An elaborate monitoring system with over 8000 data points throughout the build-
ing enables real-time data tracking and historical data analysis. The operation of the geothermal field began in
November 2011, while data monitoring started in June 2014. Initially, the monitoring platform was SQL-based,
taking measurements approximately every 5-20 minutes at irregular intervals. Due to instability and temporary
failures'’, this platform was replaced in May 2018 with a commercial influx-based monitoring platform?, which
provides higher data resolution and measurement stability. Since then, measurements from the BHEs have been
recorded at 30-second intervals. Moreover, the commercial cloud platform allows sending control signals to the
Belimo Energy Valves, which enables the testing and implementation of optimized control algorithms'2.

This article provides reliable and coherent data of a six-year data period, from July 1 2018 to June 30 2024,
that was collected by the influx-based monitoring system.

Raw data and preparation. Asan example of the raw data, Fig. 2 shows the inlet and outlet temperature of
one BHE, as well as its volume flow rate, for the published period. Yearly seasonal fluctuations of the temperature
are visible. During approximately 17 months, the operation strategy of the field was optimized using a model
predictive controller'?. Figure 3 shows Tj,, T, and V, measured over three days in February 2023 for all 40 BHEs,
grouped by underground vault. The figures show some issues with the raw data: i) data is recorded during no-flow
times, and ii) data of some BHEs is disturbed due to sensor malfunctioning, for example BHE 13.

For those reasons, the raw data is processed and resampled to exclude non-representative data peri-
ods and decrease the dataset size. The processed dataset is provided alongside the raw data, and pro-
cessing steps may be repeated with custom settings using the scripts provided in the github repository
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Fig. 5 Comparison of the raw data in its initial 30-s time resolution and the resampled 5-min dataset.

(https://github.com/elimh/ERC_BHEfield_Data_Code). The steps conducted to obtain the prepared dataset
(masking, resampling, outlier identification) are described in the following.

Masking of non-representative periods. To ensure the data accurately represents the thermal processes in the
BHEs, periods in which the data is not representative are masked, i.e., overwritten with “no data” (NaN) values.
This includes times when the volume flow rate in a BHE is zero, as the temperature reflects the fluid at rest in the
pipes, influenced by conductive heat transfer with the surroundings??. Once the flow resumes, the fluid temper-
atures is discarded until the fluid has completed one cycle through the pipe. Assuming a measured throughput
of 30 liters per minute, the fluid requires about 9 minutes to flow through the double-U tube BHE, plus an addi-
tional 30 seconds to five minutes for the single horizontal pipes ranging from 3 meters (BHEs 18, 19, 32) to 60
meters (BHE 13) to be completely renewed. Thus, the first 10 to 15 minutes after a BHE switches on are masked,
depending on the length of the horizontal pipes. The same procedure is applied to periods during and after data
gaps in the flow rate, as the usage of the BHE during these times is unknown. An example of a data section with
off-times and data gaps, both of which would be overwritten with NaNs, is shown in Fig. 4.

Resampling.  As an additional processing step, the data with a 30-second time resolution is resampled to
five-minute intervals to reduce the dataset size by 90%. While a 30-second resolution may be necessary for opti-
mal control problems, modeling applications or BHE temperature evolution analyses typically require resolu-
tions of 10-30 minutes?. Here, the fluid takes 10~13 minutes to flow through a BHE, making 5-minute intervals
a reasonable compromise to capture small-scale temperature changes while effectively reducing the size of the
dataset. For resampling, we calculate the mean value of ten timesteps and assign the value to the mean time of
the 5-minute period. This resampling method flattens periodic small-scale temperature variations in the data
caused by the measurement resolution of 0.05 K, while preserving the general temperature evolution (Fig. 5).

Identification of disturbed temperature measurements. In addition to excluding non-representative measure-
ments, we conducted a plausibility check to identify and exclude sensors that measured disturbed temperatures.
Due to oversight mistakes during hardware selection and installation, the PT1000 sensors were too short to be
properly secured with the fastening screw inside the thermal sockets. Because the sockets were oriented upside
down, some sensors slowly moved out of their valves, causing the measured temperature to be influenced by the
air temperature. Sensors that fell out completely were easy to identify and fix (e.g., the inlet temperature of BHE
13 in Fig. 6). It was more difficult to spot sensors that detached slowly. As of February 15, 2024, all temperature
sensors are properly attached.

Prior to this date, we identified measurements influenced by this issue by applying the following reasoning.
First, all BHEs within one underground vault are fed with the same fluid from the main pipes of the building, so
the inlet temperature sensors should record the same inlet fluid temperature, within measurement uncertainty, in
each underground vault. In contrast, the outlet temperature may vary due to the heat transfer process in the bore-
hole. If the inlet or outlet temperature measurements of some sensors showed a different trend than the others
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Fig. 6 Fluid temperatures and volume flow in vault B, with the windows applied for outlier detection shown in
light gray. The dotted black lines are the median of the data. See Fig. 3 for the color legend of the BHEs.

(e.g., BHE 13 in Fig. 6) or deviated significantly from the inlet/outlet temperature of other sensors in the same
vault beyond measurement uncertainty (e.g., BHE 26 in Fig. 6), the measurement can be considered disturbed.

To automatically detect disturbed sensors and outliers in the data, we applied a custom filter to the data. The
filter calculates the median of the inlet and outlet temperatures for each underground vault, and then deter-
mines the mean absolute error (MAE) of the measurements relative to that median for one-month data periods.
If the MAE exceeds a threshold, the sensor is considered disturbed, and the data is masked. We experimented
with several threshold combinations and ultimately applied a threshold of 0.12K for the inlet temperatures and
0.24 K for the outlet temperatures. The higher threshold for the outlet temperatures accounts for the heat transfer
process occurring in the BHE and the potential slight variations in volume flow. This procedure is not possible
during periods when only a fraction of the BHEs were operated (e.g., from June 1, 2022, to December 31, 2022).
During this time of optimized operation, the BHE runtime was significantly reduced from 40 to around 10
BHEs, making it impossible to create a meaningful median. Consequently, periods of optimized operation are
excluded from this analysis. However, sensors identified as faulty before and after these periods are assumed to
be faulty during this period as well.

The filter reveals that the inlet temperature sensors for BHEs 26, 29, 33, and 35 are disturbed, as well as both the
inlet and outlet temperatures of BHE 13. The disturbed sensors and their respective timeframes are summarized
in Table 4. BHE 26 exhibits a constant misfit of approximately 0.29 K compared to the other inlet temperatures in
vault C over the entire period, as indicated by a small interquartile range (IQR). In contrast, the other BHEs dis-
played a seasonal trend in their misfit, indicated by a higher interquartile range. This suggests that all faulty sensors,
except for BHE 26, partly disconnected from the socket, whereas BHE 26 was likely forgotten during calibration.

Data Records
Both the raw and processed versions of the six-year long high-resolution monitoring data are available at
Zenodo*. The repository contains the following entries:

« data_raw_30s.zip: A zipped folder of monthly raw data in 30-second intervals in .csv file format. Each
file contains three columns (Tj,, T, V) for each of the 40 BHEs, resulting in 120 columns per csv file, plus
one for the timestamp. The units of the temperature measurements are °C, the volume flow is given in I/min.

« data prepared 5min.zip: A zipped folder of monthly processed data in 5-minute intervals in .csv file
format. Each csv file has three columns (T, T, V) for each of the 40 BHESs, resulting in 120 columns per csv
file, plus one for the timestamp.

+ Supplementary BHE data.csv: Tabular data providing the X and Y coordinates and the length of the
horizontal connecting pipe for each BHE.

Technical Validation
Validation of temperature measurements. As previously noted, the measured inlet temperature of
BHE:s in a single underground vault should be approximately at the same temperature level, while the outlet tem-
perature can vary to some degree due to the thermal exchange process in the ground and the different horizontal
pipe lengths*. Moreover, the temperature difference between the inlet and outlet of each BHE should be in the
same range and depend on the flow rate, which is one of the most influential operation parameters on the tem-
perature difference of a BHE®. This reasoning is applied to validate the temperature measurements. For this, we
examine a period where the flow rate is constant for all BHE (March 2023) and compare the inlet temperature, the
outlet temperature, and the temperature difference for the BHEs grouped by underground vault.

Figure 7 (right) shows the mean and standard deviation of the inlet and outlet temperatures by underground
vault, including all measurements and excluding the disturbed sensors. With the disturbed sensors included, the
mean vault inlet and outlet temperatures show very different standard deviations. Once the faulty sensors are
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Sensor From To Time (%) | mean MAE | IQR
Probe_13_T_out | 2021-02-01 2024-02-15 15 0.3 0.04
Probe_13_T_in | 2019-02-01 2023-03-06 70 1.4 1.65
Probe_26_T_in | 2018-07-01 2024-06-30 100 0.29 0.03
Probe_29_T_ in |2019-02-01 2024-02-15 51 0.26 0.21
Probe_33_T_in | 2019-07-01 2024-02-15 65 0.28 0.18
Probe_35_T_in | 2019-08-01 2024-02-15 36 0.19 0.05

Table 4. Overview of sensors that have a misfit higher than 0.12K for inlet temperatures and 0.24 K for outlet
temperatures compared to the median of the other sensors in the underground vault.
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Fig. 7 Temperature difference of all BHEs (left) and the mean inlet and outlet temperature (right) of BHEs in
one underground with and without disturbed sensors.
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Fig. 8 Average volume flow rate for a data period from March 4 to March 22 2023, where the flow rate of all
BHE:s is constant. The whiskers (left) or gray lines (right) indicate the standard deviation.

removed, the standard deviation of inlet and outlet temperatures is consistent across the three vaults. Figure 7
(left) illustrates the temperature difference of all sensors for the same data period. Theoretically, all temperature
differences within an underground vault should have the same sign and fall within a similar range. While this is
the case for most BHEs (indicated by the gray background), the BHEs with faulty sensors are off and even show
a different temperature difference sign (BHE 13).

Validation of volume flow rate measurements. To validate the volume flow rate measurements, we
examine the volume flow rate as a function of the length of the connecting pipe, as well as the main pipes, for the
same data period as before. The flow rate shows a slight variation for each BHE, likely because of the different
pipe lengths, leading to increasing pressure loss and hydraulic resistance with increased pipe length. To iden-
tify outliers from this picture, Fig. 8 shows the average flow rate as dots and its standard deviation for the three
underground vaults (left) and for each BHE (right) as a function of the main pipe length (left) and connecting
pipe length (right). The results indicate a trend of decreasing flow rate with increasing pipe length. This trend is
consistent, no BHE deviates significantly from this pattern.
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Code availability

We provide a Github repository (https://github.com/elimh/ERC_BHEfield_Data_Code) containing helper
functions to work with the data, scripts to generate the processed data, as well as Jupyter notebooks®” that
were used to create all figures shown in this manuscript except of Fig. 1. This way, the preparation steps are
comprehensible and may be repeated with custom parameters. The code is written in Python 3.10%, package
dependencies are part of the core Python data science stack (pandas, numpy, matplotlib).

Received: 26 September 2024; Accepted: 4 December 2024;
Published: 17 December 2024

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28

30.

Gaur, A. S., Fitiwi, D. Z. & Curtis, J. Heat pumps and our low-carbon future: A comprehensive review. Energy Research & Social
Science 71, 101764, https://doi.org/10.1016/j.erss.2020.101764 (2021).

Aresti, L., Florides, G. A., Skaliontas, A. & Christodoulides, P. Environmental Impact of Ground Source Heat Pump Systems: A
Comparative Investigation From South to North Europe. Frontiers in Built Environment 8 (2022).

Lund, J. W. & Toth, A. N. Direct utilization of geothermal energy 2020 worldwide review. Geothermics 90, 101915, https://doi.
0rg/10.1016/j.geothermics.2020.101915 (2021).

. VDI-Fachbereich Energietechnik. VDI 4640 Blatt 2 - Thermische Nutzung des Untergrunds - Erdgekoppelte Warmepumpenanlagen

(2019).

. Bleicher, A. & Gross, M. Geothermal heat pumps and the vagaries of subterranean geology: Energy independence at a household

level as a real world experiment. Renewable and Sustainable Energy Reviews 64, 279-288, https://doi.org/10.1016/j.rser.2016.06.013
(2016).

. Soltan Mohammadi, H., Ringel, L. M., Bott, C. & Bayer, P. Adaptive management of borehole heat exchanger fields under transient

groundwater flow conditions. Renewable Energy 121060, https://doi.org/10.1016/j.renene.2024.121060 (2024).

. Rees, S. J. & He, M. A three-dimensional numerical model of borehole heat exchanger heat transfer and fluid flow. Geothermics 46,

1-13, https://doi.org/10.1016/j.geothermics.2012.10.004 (2013).

. Meertens, L., Peere, W. & Helsen, L. Influence of short-term dynamic effects on geothermal borefield size. In 2024 Research

Conference Proceedings of the IGSHPA, https://doi.org/10.22488/okstate.24.000004 (International Ground Source Heat Pump
Association, 2024).

. Bayer, P, de Paly, M. & Beck, M. Strategic optimization of borehole heat exchanger field for seasonal geothermal heating and cooling.

Applied Energy 136, 445-453, https://doi.org/10.1016/j.apenergy.2014.09.029 (2014).

Bockelmann, F. & Fisch, M. N. It Works--Long-Term Performance Measurement and Optimization of Six Ground Source Heat
Pump Systems in Germany. Energies 12, 4691, https://doi.org/10.3390/en12244691 (2019).

Heim, E. et al. Comparison of simulation tools for optimizing borehole heat exchanger field operation. Geothermal Energy 12, 24,
https://doi.org/10.1186/s40517-024-00303-8 (2024).

Stoffel, P, Kiimpel, A. & Miiller, D. Cloud-Based Optimal Control of Individual Borehole Heat Exchangers in a Geothermal Field.
Journal of Thermal Science https://doi.org/10.1007/s11630-022-1639-0 (2022).

Naicker, S. S. & Rees, S. J. Performance analysis of a large geothermal heating and cooling system. Renewable Energy 122, 429-442,
https://doi.org/10.1016/j.renene.2018.01.099 (2018).

Fiitterer, J. et al. A multifunctional demonstration bench for advanced control research in buildings - Monitoring, control, and
interface system. In IECON 2013 - 39th Annual Conference of the IEEE Industrial Electronics Society, 56965701, https://doi.
org/10.1109/IECON.2013.6700068 (IEEE, Vienna, Austria, 2013).

Diiber, S., Fuentes, R. & Narsilio, G. Exploiting heat gains along horizontal connection pipes in existing borehole heat exchanger
fields. Geothermics 118, 102912, https://doi.org/10.1016/j.geothermics.2024.102912 (2024).

DIN60751. DIN EN IEC 60751:2023-06, Industrielle Platin-Widerstandsthermometer und Platin-Temperatursensoren
(IEC_60751:2022); Deutsche Fassung EN_IEC_60751:2022. Tech. Rep., Beuth Verlag GmbH https://doi.org/10.31030/3405985
(2023).

Clauser, C., Michalski, A., Miiller, D., Fiitterer, J. & Stinner, F. Exergetisch optimierte Betriebsfiihrung der Wirme- und
Kalteversorgung eines Gebaudes unter Nutzung eines dynamischen Regelungssystems und flexibler Einbindung eines vollstéandig
tiberwachten Erdwirmesondenfeldes: Endbericht. Tech. Rep., RWTH Aachen University, [Aachen] https://www.tib.eu/de/suchen/
id/TIBKAT:1017788669/Exergetisch-optimierte-Betriebsf (2017).

Nau, M. Elektrische Temperaturmessung mit Thermoelementen und Widerstandsthermometern (2004).

Spitler, J. D. & Gehlin, S. Measured Performance of a Mixed-Use Commercial-Building Ground Source Heat Pump System in
Sweden. Energies 12, 2020, https://doi.org/10.3390/en12102020 (2019).

Geobase. EnOB: Geo_base -Energetische und 6kologische Optimierung von Betriebs- und Regelstrategien fiir komplexe
Energieversorgungssysteme auf Basis oberflichennaher Geothermie im Gewerbe- und Nichtwohnbau; Teilvorhaben: Kopplung von
Geothermiefeld-, Anlagensimulation und Anlagentechnik. Tech. Rep. Zwischenbericht, RWTH Aachen University (2023).

DIN EN 1434-1:2023-03, Thermische Energiemessgerite_- Teil_1: Allgemeine Anforderungen; Deutsche Fassung EN_1434-1:2022,
https://doi.org/10.31030/3332549.

Yavuzturk, C. & Spitler, J. Field validation of a short time step model for vertical ground-loop heat exchangers. ASHRAE Transactions
107, 617-625 (2001).

Spitler, J., Berglof, K., Mazzotti Pallard, W. & Witte, H. Guideline for Calculation of Uncertainties — Final Document. IEA HPT
Annex 52 - Long-term performance monitoring of GSHP systems serving commercial, institutional, and multi-family buildings.
Tech. Rep., Heat Pump Centre https://doi.org/10.23697/M2EM-XQ83 (2021).

Heim, E., Stoffel, P. & Klitzsch, N. Five years of high-resolution monitoring data of 40 borehole heat exchangers. Zenodo https://doi.
org/10.5281/zenodo.12724484 (2024).

Heim, E., Pasquier, P, Dion, G., Stoffel, P. & Klitzsch, N. Reconstruction of experimental thermal response functions from
monitoring data of a borehole heat exchanger field. IGSPHA Conference Proceedings (2024).

Casasso, A. & Sethi, R. Sensitivity Analysis on the Performance of a Ground Source Heat Pump Equipped with a Double U-pipe
Borehole Heat Exchanger. Energy Procedia 59, 301-308, https://doi.org/10.1016/j.egypro.2014.10.381 (2014).

Kluyver, T. et al. Jupyter notebooks — a publishing format for reproducible computational workflows. In: E. Loizides and B. Schmidt
(eds.), Positioning and Power in Academic Publishing: Players, Agents and Agendas. IOS Press, 2016 (2016).

. Python Software Foundation. Python Language Reference, version 3.10. http://www.python.org (2024).
29.

Naicker, S. S. & Rees, S. J. Long-term high frequency monitoring of a large borehole heat exchanger array. Renewable Energy 145,
1528-1542, https://doi.org/10.1016/j.renene.2019.07.008 (2019).

Naicker, S. S. & Rees, S. J. Geothermal heat pump system operational data: High frequency monitoring of a large university building
https://doi.org/10.5518/255 (2017).

SCIENTIFIC DATA | (2024) 11:1334 | https://doi.org/10.1038/s41597-024-04241-9 9


https://doi.org/10.1038/s41597-024-04241-9
https://github.com/elimh/ERC_BHEfield_Data_Code
https://doi.org/10.1016/j.erss.2020.101764
https://doi.org/10.1016/j.geothermics.2020.101915
https://doi.org/10.1016/j.geothermics.2020.101915
https://doi.org/10.1016/j.rser.2016.06.013
https://doi.org/10.1016/j.renene.2024.121060
https://doi.org/10.1016/j.geothermics.2012.10.004
https://doi.org/10.22488/okstate.24.000004
https://doi.org/10.1016/j.apenergy.2014.09.029
https://doi.org/10.3390/en12244691
https://doi.org/10.1186/s40517-024-00303-8
https://doi.org/10.1007/s11630-022-1639-0
https://doi.org/10.1016/j.renene.2018.01.099
https://doi.org/10.1109/IECON.2013.6700068
https://doi.org/10.1109/IECON.2013.6700068
https://doi.org/10.1016/j.geothermics.2024.102912
https://doi.org/10.31030/3405985
https://www.tib.eu/de/suchen/id/TIBKAT:1017788669/Exergetisch-optimierte-Betriebsf
https://www.tib.eu/de/suchen/id/TIBKAT:1017788669/Exergetisch-optimierte-Betriebsf
https://doi.org/10.3390/en12102020
https://doi.org/10.31030/3332549
https://doi.org/10.23697/M2EM-XQ83
https://doi.org/10.5281/zenodo.12724484
https://doi.org/10.5281/zenodo.12724484
https://doi.org/10.1016/j.egypro.2014.10.381
http://www.python.org
https://doi.org/10.1016/j.renene.2019.07.008
https://doi.org/10.5518/255

www.nature.com/scientificdata/

31. Piscaglia, F et al. Monitoring of a vertical borehole ground-coupled heat pump system: A case study from a marly-limestone heat
reservoir (Urbino, Central Italy. Geothermics 62, 61-69, https://doi.org/10.1016/j.geothermics.2016.02.008 (2016).

32. Michopoulos, A., Bozis, D., Kikidis, P., Papakostas, K. & Kyriakis, N. A. Three-years operation experience of a ground source heat
pump system in Northern Greece. Energy and Buildings 39, 328-334, https://doi.org/10.1016/j.enbuild.2006.08.002 (2007).

33. Michopoulos, A., Zachariadis, T. & Kyriakis, N. Operation characteristics and experience of a ground source heat pump system with
a vertical ground heat exchanger. Energy 51, 349-357, https://doi.org/10.1016/j.energy.2012.11.042 (2013).

34. Zhai, X. Q. & Yang, Y. Experience on the application of a ground source heat pump system in an archives building. Energy and
Buildings 43, 3263-3270, https://doi.org/10.1016/j.enbuild.2011.08.029 (2011).

35. Ruiz-Calvo, E, Cervera-Vézquez, J., Montagud, C. & Corberan, J. M. Reference data sets for validating and analyzing GSHP systems
based on an eleven-year operation period. Geothermics 64, 538-550, https://doi.org/10.1016/j.geothermics.2016.08.004 (2016).

36. Montagud, C., Corberan, J. M., Montero, A. & Urchueguia, J. F. Analysis of the energy performance of a ground source heat pump
system after five years of operation. Energy and Buildings 43, 3618-3626, https://doi.org/10.1016/j.enbuild.2011.09.036 (2011).

37. Montagud, C., Corberan, J. M. & Ruiz-Calvo, F. Experimental and modeling analysis of a ground source heat pump system. Applied
Energy 109, 328-336, https://doi.org/10.1016/j.apenergy.2012.11.025 (2013).

38. Ruiz-Calvo, F. & Montagud, C. Reference data sets for validating GSHP system models and analyzing performance parameters based
on a five-year operation period. Geothermics 51, 417-428, https://doi.org/10.1016/j.geothermics.2014.03.010 (2014).

39. Mazzotti Pallard, W. Annex 52 - Case study report for Forskningen, Stockholm, Sweden. Three plus energy buildings (by design)
with GSHPs, variable-length boreholes, ventilation recovery and pre-heating, wastewater recovery & PV panels. Tech. Rep., Heat
Pump Centre https://doi.org/10.23697/DFS2-V474 (2021).

40. Lazzarotto, A. Annex 52 - Case study report for Frescati NPQ, Sweden. Tech. Rep., Heat Pump Centre https://doi.org/10.23697/
EMQR-M785 (2021).

41. Javed, S., Zhang, H. & Liu, H. Annex 52 - Case study report for a small Clubhouse building in Gothenburg, Sweden. Tech. Rep., Heat
Pump Centre https://doi.org/10.23697/8NOP-3N24 (2021).

42. Gehlin, S. & Spitler, J. D. Annex 52 - Case study report for Studenthuset, Stockholm, Sweden. Long-term performance analysis of the
GSHP system for a student union building. Tech. Rep., Heat Pump Centre https://doi.org/10.23697/PMR0-0778 (2021).

43. Spitler, J. D. & Gehlin, S. E. A. Data from: Performance of a mixed-use ground source heat pump system in Stockholm (2022).

44. Bockelmann, F. Annex 52 - Case study report for AOV, Germany. Office building with borehole heat exchanger. Tech. Rep., Heat
Pump Centre https://doi.org/10.23697/5338-WF13 (2021).

45. Luo, J. et al. Heating and cooling performance analysis of a ground source heat pump system in Southern Germany. Geothermics 53,
57-66, https://doi.org/10.1016/j.geothermics.2014.04.004 (2015).

46. Sebarchievici, C. & Sarbu, I. Performance of an experimental ground-coupled heat pump system for heating, cooling and domestic
hot-water operation. Renewable Energy 76, 148-159, https://doi.org/10.1016/j.renene.2014.11.020 (2015).

47. Hwang, Y. et al. Cooling performance of a vertical ground-coupled heat pump system installed in a school building. Renewable
Energy 34, 578-582, https://doi.org/10.1016/j.renene.2008.05.042 (2009).

48. Belliardi, M., Cereghetti, N., Caputo, P. & Ferrari, S. A Method to Analyze the Performance of Geocooling Systems with Borehole
Heat Exchangers. Results in a Monitored Residential Building in Southern Alps. Energies 14, 7407, https://doi.org/10.3390/
enl14217407 (2021).

49. Viesi, D., Galgaro, A., Zanetti, A., Visintainer, P. & Crema, L. Experimental geothermal monitoring assessing the underground
sustainability of GSHP borehole heat exchangers in a protected hydrothermal area: The case study of Ponte Arche (Italian Alps.
Geothermics 75, 192-207, https://doi.org/10.1016/j.geothermics.2018.05.002 (2018).

50. Bockelmann, F. Annex 52 - Case study report for GEW, Germany. Office building with borehole heat exchanger. Tech. Rep., Heat
Pump Centre https://doi.org/10.23697/0CFW-XW78 (2021).

51. ClauB3, J., Taveres-Cachat, E. & Erstad, E. Annex 52 - Case study report for Kalnes energy central, Sarpsborg, Norway. Tech. Rep.,
Heat Pump Centre https://doi.org/10.23697/JH1Q-4K55 (2021).

52. Zhou, S., Cui, W, Zhao, S. & Zhu, S. Operation analysis and performance prediction for a GSHP system compounded with domestic
hot water (DHW) system. Energy and Buildings 119, 153-163, https://doi.org/10.1016/j.enbuild.2016.03.024 (2016).

53. Southard, L. E., Liu, X. & Spitler, J. D. Performance of HVAC systems at ASHRAE HQ. ASHRAE Journal 56, 14-24 (2014).

54. Southard, L. E., Liu, X. & Spitler, J. D. Annex 52 - Case study report for ASHRAE Headquarters Building, USA. Performance of a
distributed water-to-air ground source heat pump system. Tech. Rep., Heat Pump Centre https://doi.org/10.23697/J89C-EN10
(2021).

55. Diiber, S., Ziegler, M. & Fuentes, R. Development and validation of a computationally efficient hybrid model for temporal high-
resolution simulations of geothermal bore fields. International Journal for Numerical and Analytical Methods in Geomechanics 46,
2792-2813, https://doi.org/10.1002/nag.3427 (2022).

56. Kiimpel, A., Stoffel, P. & Miiller, D. Development of a Long-Term Operational Optimization Model for a Building Energy System
Supplied by a Geothermal Field. Journal of Thermal Science https://doi.org/10.1007/s11630-022-1616-7 (2022).

Acknowledgements

We are grateful for the funding provided by the Federal Ministry of Education and Research for the
“BioRevierPlus” project (funding ID 031B1137EX), and the funding provided by the Federal Ministry of
Economic Affairs and Climate Action for the “MPC-Geothermie” (funding ID 03ETWO006A) and geo_base
(funding ID 03ET1552B) projects. We thank everyone who contributed to the setup of the monitoring system
and the data analysis in the years 2011 to 2018. Special thanks to Jonas Klyne for his support with the literature
review and Lothar Ahrensmeier for helping with the maintenance of the temperature monitoring equipment.

Author contributions

E.H. prepared and analyzed the data and wrote the initial draft of the manuscript. P.S. contributed to data
processing and visualization and reviewed the manuscript. N.K. aided the data verification and reviewed the
manuscript. D.M. acquired funding and reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.H.

SCIENTIFIC DATA | (2024) 11:1334 | https://doi.org/10.1038/s41597-024-04241-9 10


https://doi.org/10.1038/s41597-024-04241-9
https://doi.org/10.1016/j.geothermics.2016.02.008
https://doi.org/10.1016/j.enbuild.2006.08.002
https://doi.org/10.1016/j.energy.2012.11.042
https://doi.org/10.1016/j.enbuild.2011.08.029
https://doi.org/10.1016/j.geothermics.2016.08.004
https://doi.org/10.1016/j.enbuild.2011.09.036
https://doi.org/10.1016/j.apenergy.2012.11.025
https://doi.org/10.1016/j.geothermics.2014.03.010
https://doi.org/10.23697/DFS2-V474
https://doi.org/10.23697/EMQR-M785
https://doi.org/10.23697/EMQR-M785
https://doi.org/10.23697/8N0P-3N24
https://doi.org/10.23697/PMR0-0778
https://doi.org/10.23697/S338-WF13
https://doi.org/10.1016/j.geothermics.2014.04.004
https://doi.org/10.1016/j.renene.2014.11.020
https://doi.org/10.1016/j.renene.2008.05.042
https://doi.org/10.3390/en14217407
https://doi.org/10.3390/en14217407
https://doi.org/10.1016/j.geothermics.2018.05.002
https://doi.org/10.23697/0CFW-XW78
https://doi.org/10.23697/JH1Q-4K55
https://doi.org/10.1016/j.enbuild.2016.03.024
https://doi.org/10.23697/J89C-EN10
https://doi.org/10.1002/nag.3427
https://doi.org/10.1007/s11630-022-1616-7

www.nature.com/scientificdata/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024, last corrected publication 2025

SCIENTIFIC DATA | (2024) 11:1334 | https://doi.org/10.1038/s41597-024-04241-9 11


https://doi.org/10.1038/s41597-024-04241-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Six years of high-resolution monitoring data of 40 borehole heat exchangers

	Background & Summary

	Methods

	BHE field and monitoring setup. 
	Sensors and their uncertainties. 
	Monitoring system. 
	Raw data and preparation. 
	Masking of non-representative periods. 
	Resampling. 
	Identification of disturbed temperature measurements. 


	Data Records

	Technical Validation

	Validation of temperature measurements. 
	Validation of volume flow rate measurements. 

	Acknowledgements

	Fig. 1 Overview of the BHE field and monitoring system.
	Fig. 2 Raw data of BHE 16 for the entire published period.
	Fig. 3 Raw inlet (top row) and outlet (bottom row) temperatures grouped by underground vault of three days in February 2023.
	﻿Fig. 4 Data of a one month period in July 2022 of BHE 40, with data that will be masked highlighted in gray (masked due to datagap) and red (masked due to no flow period).
	Fig. 5 Comparison of the raw data in its initial 30-s time resolution and the resampled 5-min dataset.
	﻿Fig. 6 Fluid temperatures and volume flow in vault B, with the windows applied for outlier detection shown in light gray.
	Fig. 7 Temperature difference of all BHEs (left) and the mean inlet and outlet temperature (right) of BHEs in one underground with and without disturbed sensors.
	﻿Fig. 8 Average volume flow rate for a data period from March 4 to March 22 2023, where the flow rate of all BHEs is constant.
	Table 1 Review of studies gathering or analyzing BHE monitoring data and data availability.
	Table 2 Overview of studies that worked with parts of the data presented here.
	Table 3 Material and geometric properties of the BHE field.
	Table 4 Overview of sensors that have a misfit higher than 0.




