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Xylem in Emmaboda, Sweden, has one of the first borehole thermal energy storage (BTES) sites storing excess heat and has been
previously thoroughly studied and monitored. Here, the results from distributed temperature sensing (DTS) measurements in
observation boreholes, UB1, 10 m outside the BTES, and UB46, inside the BTES, are presented. The measurements were performed
in February and March to September 2019. DTS combined with geological and hydrogeological knowledge give qualitative insights
into Emmaboda’s heat transfer in operation. To analyze the DTS measurements, knowledge about the borehole deviations and relative
physical locations among boreholes is necessary. The measured temperature profile in UB1 is parallel to the geothermal gradient,
follows BTES temperature, and does not seem disturbed by groundwater flow and production boreholes. The flat terrain and several
rivers and dams in the area, together with results from the thermal response test following the mineralogical composition of the
bedrock, verify no regional groundwater flow. Emmaboda’s heat loss is conductive only. In UB46, the temperature irregularities are
interpreted as contact points or vicinity to production boreholes. Larger temperature responses in heat charging than in extraction
mode are probably due to higher temperatures. Three-dimensional to four-dimensional design, documentation and visualization should

further examine the influence of borehole deviation.

Introduction

Space heating and domestic hot water needs may represent
54% (Statens energimyndighet 2020) and up to 60% (Justo-
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Alonso and Stene 2013) of the total energy demand of the
building sector in cold areas. By 2008 in Norway, up to 19
TWh of industrial waste heat was used for heating purposes
(Sevault, Stavset, and Bantle 2017). Excess heat from indus-
trial processes is estimated to be 812 TWh/year in Europe
(EU27) (Persson, Moller, and Werner 2014). However,
much of this heat is not used due to a low match between
demand and availability. For instance, household waste can-
not be stored to be burned only in the winter, and excess
heat during summer cannot be used for direct heating and
should be saved as a heat source for energy storage.

A borehole thermal energy storage (BTES) consists of sev-
eral densely packed closed-loop borehole heat exchangers
(BHEs) employed to create sensible heat storage underground.
Increased use of heat recovery and heat storage would increase
one of the main bottlenecks of district heating for the usage of
this surplus heat (Brange et al. 2017). Using energy from
waste burning could provide heat at 85 °C, which enables stor-
age temperatures in a BTES at 45-60°C (Jokiel et al. 2020).
This storage temperature connected to a heat pump can supply
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Table 1. Summary of other existing HT-BTES, their heat source, and the maximum storage temperature.

High-temperature BTES Heat source

Maximum

temperature (°C) Designed use of the heat stored

Anneberg, Solna, SE Solar thermal

(Regander 2019)

Attenkirschen, Germany Solar thermal
(Regander 2019)

Braedstrup, Danmark (Regen Solar thermal
et al. 2015)

Crailsheim, Germany Solar thermal
(Schneider 2013)

Necklarsum, Germany
(NuBbicker et al. 2003)

Oktokos, Canada (Rad, Fung,
and Rosen 2017)

Paskov, Czech Republic

(Klempa et al. 2014)

Solar thermal
Solar thermal
Combined heat and power
GeoTermos, Norway (Justo-

Alonso et al. 2020).
heat pump)

Outdoor air + solar thermal
(photovoltaic-driven CO,

55 Space heating

50 District heating (via heat
pump) and space heating

60 District heating (via
heat pump)

65 District heating (via
heat pump)

65 District heating with
auxiliary boiler

74 Space heating

95 Experimental: rock behavior in
different

charging—discharging

60—65 Space heating

temperatures to district heating at more than 70°C or direct
supply domestic hot water and space heating of building com-
plexes. Storage sites are also well suited for harvesting renew-
able energy sources (Winterscheida, Dalenbacka, and Hollerb
2017). A BTES stores the heat produced when it is accessible
and uses it when needed, contributing to more continuous and
optimum operation of the machinery (Lanahan and Tabares-
Velasco 2017).

The availability of many renewable energy sources fluctu-
ates widely and does not always match demand profiles
(Sibbitt et al. 2012). BTES systems could be seen as part of
the solution to cope with the seasonal mismatch. Drake
Landing is a demonstration site in Canada finalized in 2007,
and has been operating since with a BTES core temperature
between approximately 40 and 65°C to cover space heating
only at a maximum temperature of 55°C (Reuss and LFBT-
A in TESS 2021). This project demonstrates the feasibility
of using BTES to store solar energy (Mesquita et al. 2017).
Fjell 2020 is a school where a similar concept (GeoTermos)
is demonstrated in Drammen, Norway (Ramstad et al. 2017).
Here, the heat stored in the BTES from 2020 is obtained
from outdoors air via a CO, heat pump and solar energy.
The storage temperature is 5055 °C during charging to sup-
ply directly low-temperature space heating at 25°C (Justo-
Alonso et al. 2020). However, for periods of high heating
demands, it is possible to use the BTES as the heat source
for the heat pump, as was necessary in winter 2021/2022.
Table 1 summarizes other existing high-temperature BTES.
High-temperature BTES (HT-BTES) temperature ranges
from ~25°C to ~90°C (Kallesge and Vangkilde-Pedersen
2019). In Necklarsum, heat pumps are used for heat extrac-
tion, while at Anneberg, direct heat exchange is used
(Nilsson 2020). In Emmaboda, Sweden, industrial waste heat
is used as the heat source for the BTES. Some of these sto-
rages did not attain the design storage temperature due to

too small solar collectors or changes in the operation strat-
egies. More information about these BTES sites can also be
found in Malmberg (2017).

Good control of a BTES is recommended to increase its
profitability (Andersson, Hakansson, and Rydell 2021a),
given that the technology is relatively new (Skarphagen et al.
2019). The performance of BTES systems depends on the
temperatures circulated in the boreholes and the distribution
system using the stored heat. Having a single measurement at
the common point from/to the BTES, meaning a reduced level
of detail, is state of the art. In order to get a more realistic pic-
ture of the processes happening in the BTES and on single
boreholes, distributed temperature sensing (DTS) is a power-
ful tool in supporting heat transport understanding. DTS can
be used to characterize and understand thermal dynamics, but
also heat tracer tests with DTS can be used to estimate evap-
oration (Schilperoort et al. 2018), groundwater—surface water
interaction (Lowry et al. 2007), groundwater flow (Bakker
et al. 2015; Bense et al. 2016), fractures, and underground
heat distribution (Kvalsvik et al. 2022).

DTS measurements for monitoring BTES are becoming
more widespread. The Akademiska hus (Tjernstrom et al.
2016), the Stockholm University Campus (Monzo,
Lazzarotto, and Acuna 2017), Fjell skole (Ramstad et al.
2017), and Braedstrup (Malmberg et al. 2018) have DTS
installed to increase knowledge of the BTES.

Objective

As one of the first HT-BTES sites in the world, the
Emmaboda site has been thoroughly studied and docu-
mented. Extensive knowledge of the system, including char-
acteristics of the geology, hydrogeology, and drilling aspects
such as borehole deviation, penetration rate, and water-bear-
ing fracture zones, is available.
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Fig. 1. The location of the BTES at the Xylem manufacturing plant at Emmaboda (map from www.gulesider.no).

The purpose of the DTS measurements at the Emmaboda
site is to build further on this existing and extensive know-
ledge for a BTES in operation. The DTS in this work is
used to verify and give additional information, and better
insights and wunderstanding of the BTES behavior are
achieved. This knowledge is essential for the further devel-
opment of the HT-BTES technology in terms of short-term
and long-term performances and flexible operation.

Therefore, the main objective of this work is to increase
understanding of the heat transfer and the specific on-site
geological conditions in the HT-BTES at Xylem,
Emmaboda, using distributed temperature measurements
under normal operating conditions:

e Study the relationship between the temperature profiles,
hydrogeology and borehole deviation.

e Study the temperature response of the storage to heat
extraction and heat charging.

e Visualize the temperature profiles inside and nearby the
HT-BTES during operation.

To the authors’ knowledge, most of the available research
focuses on operational measurements at research sites.
Knowledge and understanding of the performance of sites

under real conditions are lacking and are needed to improve
design and operation. Thus, this article analyzes the meas-
urements at the Emmaboda site after several years of oper-
ation, also deploying DTS measurements that give a more
insightful detail to the BTES performance. Hopefully, the
Emmaboda results will be helpful for the further develop-
ment of this technology that allows storing heat from sum-
mer to winter in the energy transition.

Methods

Site description

The BTES at Xylem Water Solutions AB, Emmaboda, is in
the southeastern part of Sweden (Figure 1). Several publica-
tions (i.e., Andersson, Rydell, and Algotsoon 2009; Nordell
et al. 2014, 2016), describe the planning, installation, oper-
ation, and experiences of the BTES thoroughly. The modifi-
cation from direct use of the storage heat to the installation
of a heat pump system is described in Rydell (2019). The
BTES has been in operation since 2010, storing the excess
heat from the manufacturing of Xylem pumps.
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Fig. 2. The BTES at Emmaboda consists of 140 boreholes, each
with a depth of 150 m and 4 m of spacing. The observation
boreholes UB1 and UB46 are located outside and inside the
BTES. UB2 is the borehole in the upper right corner. Modified
after Nordell et al. (2014).

The BTES consists of 140 boreholes with a borehole
depth of 150 m (Figure 2). The temperatures inside and out-
side the storage have been measured by PT100 sensors
placed in the observation boreholes UB1 and UB46 located
outside and inside the storage, respectively (see Figures 2-5).
These two boreholes have been further equipped with optical
fiber cables for distributed temperature measurements. A pic-
ture from the installation work is shown in Figure 6.

The surface of the BTES is insulated with 40 cm of foam
glass, which consists of expanded recycled glass with ther-
mal conductivity of 0.13-0.15 W/mK (Nordell et al. 2016).
The picture in Figure 6 from installing the fiber cable and
the snow-covered surface shows that the surface insulation
works as intended. The temperature in the bedrock at the
time was around 30-35°C.

Hydrogeological and geological conditions

The hydrogeological and geological conditions of the
Emmaboda BTES are described in detail by Nordell et al.
(2016). The bedrock consists of granodiorite. Three thermal
response tests were performed in the area, resulting in an
average effective thermal conductivity value of 3.0 W/m-K
(two old tests with 2.8 and 3.2 on the other side of the dam
and 3.0 W/m-K in UB2).

A large fracture zone at the western border of the storage
(Figure 7) intersects the observation borehole UB1 at 30 m.
The area is flat, and the groundwater level is stable throughout
the year, being controlled by the pond connected to several
others rivers and dams (Figures 1 and 7). Borehole drilling
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revealed that the bedrock has several water-filled fractures and
unstable cross-zones and therefore has a fracture permeability.
Around 30% of the boreholes had an air-lift or groundwater
capacity of more than 500 L/min (Nordell et al. 2016).

While drilling a borehole, the direction of the drill may
change (Moldashi 2021). The deviation may be due to hetero-
geneous formations, unequal pressure applied during drilling,
weight on the bit, hydraulics in the site, or many other reasons
(Murphey and Cheatham 1966). In Emmaboda, the boreholes
were drilled with two-point steering control. In theory, they
are expected to be vertical. Twenty-one randomly selected
boreholes were measured by a gyro inclinometer (Nordell
et al. 2016) to draw correct inference from borehole devia-
tions. The results presented in Figure 8 (Nordell et al. 2016)
show that nine boreholes deviated toward the northwest and
five toward the northeast. Some boreholes deviated southwest
in the southwestern part of the storage. The deviation varied
between 4 and 26 m, with an average deviation of 16 m. The
borehole deviation was evaluated to be acceptable concerning
the thermal performance of the BTES since most of the bore-
holes were leaning in the same direction or groups of direc-
tions (Nordell et al. 2016). It was concluded that the most
reasonable reason for the deviations is the rock structure.

Borehole 46 was selected as an observation borehole
(UB46) since it could not be used as a production borehole, as
it was drilled into borehole 21 in its deviation toward the south.
The assumed borehole path for UB46 is shown in Figure 9 and
is close to borehole 34. The measured deviation for boreholes
31 and 33 shows that these boreholes can be quite near UB46
(Figures 8 and 9). The soil cover and casing depth in UB46 are
5 and 9 m below the surface, respectively. A new production
borehole 46 was drilled, which explains why two holes with
the same number are illustrated in Figure 9.

Fluid flow in the borehole heat exchanger (BHE) for heat
extraction and charging

The BHE at Emmaboda is an open coaxial (pipe-in-pipe)
system with a central pipe made of polypropylene, with a
maximum long-term operation temperature of 65-70°C. The
collector fluid or heat carrier is water.

During heat discharging, the water circulates through the
borehole in direct contact with the borehole wall, which can
be considered the "outer pipe" in the coaxial collector and
returns in the internal coaxial pipe, as shown in Figure 10.
Some of the circulated water will leak into permeable frac-
ture zones in the borehole wall. In heat charging mode,
water is injected inside the central pipe and reversed for heat
extraction (in discharging mode); see Figure 10 (Nordell
et al. 2014) or see Morchio, Fossa, and Beier (2022) for fur-
ther explanations about the flow in coaxial collectors. The
general advantage of a coaxial pipe-in-pipe system is the
low thermal resistance ensuring an effective heat exchange
between the bedrock and the heat carrier. Low pressure
losses are also an advantage (Holmberg et al. 2016; Acuna
2013). Unfortunately, the commercial development of
coaxial collectors has been slow. Experiences from the two
800-m-deep boreholes in Asker, Norway, showed that devel-
oping cost-effective coaxial collectors with high hydraulic
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Fig. 3. Installation of fiber optic cable and the DTS system (Stokuca and Acuna 2019). A Mini Diver for temperature calibration is
installed at the boreholes and in the technical room. The PT100 temperature sensors in the boreholes have measured the storage tem-

perature since 2010 (Stokuca and Acuna 2019).

and thermal performance that is easy to install is challenging
(Ramstad et al. 2020).

The temperature monitoring of the heat carrier (circulat-
ing water entering and leaving the BTES) is done using two
temperature sensors, GT1la and GT2a. These show the sup-
ply or return flow, depending on whether the borehole is in
heat charging or heat extraction mode (Figure 11). Note that
the flow direction is reversed, meaning that the supply and
return temperature of GTla or GT2a are switched as well.

DTS measurements

Fiber optical cables were installed in the observation boreholes
on February 7, 2019 (Figures 6 and 9). The existing PT100 sen-
sors were temporarily removed for the fiber installation and
then placed back again at the initial depth. Figure 3 shows a
sketch of the main parts of the fiber installation and the DTS
system. A Mini Diver for temperature calibration was installed
at the boreholes and in the technical room. The fiber optical
cable is of type BRUsens Temperature 85 °C and is led into the

"technical room" close to the storage (see Figure 3 for details).
The fiber was connected to an Oryx datalogger.

The datalogger automatically calibrates the DTS data using
an internal mechanism to eliminate the attenuation effect.
Typically, the longitudinal attenuation is corrected by introduc-
ing an expected differential loss of power along the optical fiber
to the DTS system (Ghafoori, Vidmar, and Kryzanowski 2022).
Internal calibration can be improved by assigning a reference
section or point with a known temperature along the fiber and
placing the precise thermometer (e.g., PT100) attached to the
DTS system (Ghafoori, Vidmar, and Kryzanowski 2022).

Calibration of the DTS was performed only for UBI, as
the data from the divers located in UB46 could not be
retrieved. According to the manufacturer (Sensornet 2018),
the logger has an accuracy of £0.5°C that can be improved
by on-site calibration. A mean offset of ~0.7K and a
standard deviation of about 0.036 K were calculated by
analyzing the data for UB1. This error is in line with other
results obtained with the same equipment presented in
Kvalsvik et al. (2022). This error was deemed satisfactory



Fig. 4. Installation of optical fiber cable in the observation bore-
hole UB1 outside the BTES.
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Fig. 5. Fiber cable (red) termination in observation borehole
UB46 inside the BTES. The PT100 sensor is placed (black
cable) just above the termination.

to give insight into temperature variation and distribution
(Kvalsvik et al. 2022), and the same reasoning was applied
in this work. Additionally, for this work, the aim of the
analysis is the temperature variation and trends to under-
stand the dynamics of BTES in operation to develop
future BTES.
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The temperature profile was measured every fifth minute
and for every half a meter from March 19 to September 5.
Since the boreholes are open, the fiber cables measured the
temperature of the groundwater inside the boreholes. The fiber
cables are expected to lie randomly from the borehole’s mid-
dle to the borehole’s wall. More details of the installation in
UBI and UB46 are seen in Figures 4 and 5, respectively.

In addition to the fiber measuring equipment, the site is
monitored in detail via an industrial energy management sys-
tem. The supply and return temperatures (GT1la and GT2a)
to the BTES, the energy supplied and extracted to the
BTES, the water flow rate, and the pressure drop in the heat
exchangers are measured every 10min. For the analysis in
the present article, temperatures and heat extracted and
charged are used to analyze the inertia and sensitivity of the
BTES to heat exchange.

Besides DTS measurements, energy extraction and charg-
ing magnitudes were obtained to analyze the actual borehole
capacity concerning the observed temperatures in the obser-
vation boreholes UB1 and UB46.

Results and discussion

Note that the location and the three-dimensional (3D) deviation
of the borehole paths presented in Figure 9 are vital to analyz-
ing and understanding the temperature developments in UB46.

Initial operation results from Emmaboda

The modified system using heat pumps to upgrade the sup-
ply temperature started operation on September 1, 2018. The
heat extraction and charging of the storage followed the
regular operation of the factory. The excess heat used for
charging was around 55-60°C. The bedrock temperature
had steadily increased to 40—45°C from 2010 to 2018. This
temperature decreased with the heat extraction from late
2018, as Figure 12 shows. Figure 12 is connected to the
operation of the BTES:

e There was primarily heat injection during the first
years (2011-2013).

e From 2014 to 2017 there was heat charging and some
heat extraction. Due to the nature of the coaxial flow
during heat extraction (Figure 10), the temperature is
higher in the deepest part of the borehole. The change
in the ground conductivity based on the flow direction
based on the flow in the annular pipe or the central pipe
is also discussed in Morchio and Fossa (2020) with
similar conclusions.

e From the end of 2017 until September 2018, the system
had minimal operation until the beginning of the heat
pumps for heat extraction (September 2018). The sig-
nificantly higher temperature in the middle part of the
BTES (at 70 m depth in UB46) compared with the
deeper temperature at 117 m depth might be explained
by the BTES's minimal operation. The temperature at
117 m might be more exposed for heat loss to the
undisturbed temperature below the BTES.
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Fig. 6. Installation of fiber cable in observation borehole UB46 inside the BTES and location of UB1 outside the storage. Both fiber
cables are lead through cable pipes and connected to the DTS system in the technical room.
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Fig. 7. Hydrogeological and geological conditions in the east—west cross section of the BTES. The large fracture zone in the west is
present at 30 m depth in UB1 (western borehole shown on the left-hand side). The 30 m point is illustrated where the black x-line
crosses the solid black UB1 line. The bedrock consists of granodiorite. The orange color in the upper part of the figure shows the thick-
ness of the overburdened till. The dam controls the groundwater level (blue dotted line).

In periods of high heat extraction, for example,
January—February 2019 and 2020, the temperature in the
storage measured at 117 m depth in UB46 drops below
the temperature in the surroundings measured in UBI.
Mixing effects might also justify that the temperature at
117 m is lower than at 70 m in UB46.

The temperature development in Figure 12 is affected by

the borehole deviation, as explained in Figures 8 and 9.

Additionally, Morchio et al. (2020) argue that the direction

of the carrier fluid in a coaxial borehole affects the thermal
conductivity. Such an effect should be further analyzed con-
cerning heat transfer rates during operation.

Initial analysis of temperature profiles related to
hydrogeology and borehole deviation

Figure 13 shows the results from the first DTS temperature
profiles measured in UB1 and UB46 on February 7, 2019.
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Fig. 8. Qualitative sketch of the overall direction of the deviation of the 21 randomly selected boreholes and length of the deviation.

Based on measurements described in Nordell et al. (2016, fig. 11).
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Fig. 9. A selected part of the BTES (to the right), described in Nordell et al. (2016), shows the assumed borehole deviation for UB46
(blue dotted line), which was terminated due to drilling into borehole 21. The sketch shows that the borehole is near borehole 34, and
near borehole 21 near the bottom. The measured borehole deviation for some of the other boreholes (red lines) shows that the paths of

boreholes 31 and 33 can be near observation borehole UB46.

From November 15, 2018, to February 7, 2019, there was a
continuous heat extraction from the BTES.

The mean undisturbed ground temperature was measured
as around 8°C in the two old test boreholes (200 m) on the
other side of the dam (Andersson 2011).

UBI is placed 10 m away from the BTES. The tempera-
ture profile in UBI has a linear pattern from about 25 to

130 m, increasing from ~22 to 30°C. This temperature is
the result of 9 years of conductive heat transfer (thermal
charging since 2010). The temperature drops toward the sur-
face and at the bottom toward the undisturbed ground tem-
perature, as expected. The section with the linear gradient
indicates that the heating mechanism is conduction. The lin-
ear temperature profile in UBI indicates no neighboring/
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Fig. 10. The fluid flow of water in the open coaxial collector at
Emmaboda is switched depending on heat charging or heat
extraction (discharging) mode.

>4

NPT
o]

» <&

to/from Xylem

o
Heat exchanger T

—‘_ﬁf}

Fig. 11. Principle of temperature measurements in/out of the
BTES. Owing to the change in flow directions during heat
charging and heat extraction, GT1la and GT2a represent supply
and return temperatures, depending on the heat charging/heat
extraction state.

contact points with production boreholes disturbing this
UBI1. Even though there is a significant water-bearing frac-
ture zone in the upper part of UB1 (Figure 7), there is no
sign of groundwater flow in this section. This was expected

9

due to the flat terrain and several open rivers and dams in
the area (Figure 1), that is, no hydraulic gradient or inclin-
ation on the groundwater table. The consequence of ground-
water flow would have been an extra heat transport by
convection, as illustrated on a principal basis in Figure 14.

Groundwater flow in the water-bearing fractures due to a
hydraulic gradient would have been visible as a section in
the borehole with lower/higher temperatures caused by
groundwater flow with lower/higher temperatures. The feasi-
bility of a BTES in crystalline bedrock with fracture perme-
ability depends on the hydrogeological conditions. In a
normal situation, which is also the case at Emmaboda, the
crystalline bedrock consists of several fracture systems filled
with groundwater. Still, the hydraulic conditions of the frac-
ture systems imply no or minimal groundwater flow, prob-
ably due to the hydraulic connection to the nearby dam with
a steady water table all over the year, that is, no hydraulic
gradient. A hydraulic gradient greater than 0 is a prerequisite
for a regional groundwater flow. The results from three ther-
mal response tests preliminary to the construction of the
BTES support the findings of no or negligible groundwater
flow. The measured in situ effective thermal conductivity
average was 3.0 W/m-K and corresponds with laboratory
measurements of a similar rock type ("granite, granodior-
ites") with the same mineralogic composition that have a
median value of 3.0 W/m-K (Ramstad et al. 2014). Similar
effective thermal conductivities in situ and in the laboratory,
based on the mineralogical composition of the rock, indicate
a conductive heat transfer only. Note that in situ values are
approximately 10% higher than laboratory values (Liebel
2012; Midttemme et al. 2000). If the BTES area at
Emmaboda had been affected by a regional groundwater
flow, a higher effective thermal conductivity should have
been measured in the thermal response tests due to the add-
ition of the convective heat transfer contribution of the
groundwater flow. However, further investigation of an
eventual influence by a regional groundwater flow in the
crystalline and fractured bedrock at Emmaboda is recom-
mended. This should be done in a model study where the
fluid flow is in fractures only, that is, with negligible poros-
ity and permeability of the rock matrix. This was not a part
of this study, but will give a deeper understanding and
wholeness of the hydrogeological and thermal interaction for
the BTES in operation. Data can be made available through
a request for further studies.

Since there is no sign of groundwater flow in UBI1, the
irregularities observed in UB46 might be explained by bore-
hole deviation and interferences with other boreholes
(Figures 8 and 9).

According to the temperature evolution following the heat
extraction and charging temperatures of the neighboring
boreholes, UB46 must pass quite near some other production
boreholes along its path (Figure 9). UB46's temperature pro-
file is approximately parallel to the profile in UBI1 from
~30 to 60 m depth, increasing its temperature from about
32 to 35.5°C. The most marked irregularity can be seen at
about 80 m in depth, where the temperature is around 30°C
and significantly lower than the rest of the borehole. The
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Fig. 14. Feasibility for an HT-BTES in crystalline bedrock concerning the risk of heat leakage by groundwater flow. The presence of
water-bearing fractures (fracture permeability) in the bedrock and a hydraulic gradient (i > 0) in the area is a prerequisite for regional

groundwater flow.

author’s interpretation of this temperature variation is that
UBA46 has a contact point with or is very close to production
borehole 34, as seen in Figure 9. When the measurement
was performed, borehole 34 had been in extraction mode
(coldest water in the annulus, see Figure 10) for almost 3
months, and the temperature is significantly lower than the
temperature in the storage volume at the same depth. An

irregular pattern for UB46 can also be seen at approximately
10m and from 80 to 120m depth. The maximum tempera-
ture along this profile is 36 °C at about 110 m. An interpret-
ation is that this temperature irregularity is influenced by the
deviated pattern of production borehole 33. The temperature
irregularity at 10 m can be related to production borehole 46.
UB46 was drilled into borehole 21; thus, the temperature
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Fig. 15. Net heat extraction and charging from/to the BTES per
month from March to August 2019. There is a net heat extrac-
tion from the f March 19 to April 30 and a net heat charging
from May to August.

drop at 120 m is probably related to borehole 21, which has
been in production, similarly to borehole 34, already
described. Due to a deeper position and the coaxial flow dir-
ection during heat extraction, the temperature is higher at
120m (production borehole 21) than at 80m (production
borehole 34). In theory, the temperature irregularities can
also express different effective thermal conductivity values
along UB46. However, the irregularities vary in magnitude
with time and operation mode. The borehole path and dis-
tance to neighboring production boreholes seem to be the
most probable explanation.

Temperature response in the storage (UB46) to heat
extraction and charging

The specific heat extraction and charging per borehole are
unknown, and each borehole is affected by its spe-
cific location.

Limitations of this section are:

e The temperature measurements are done in observation
borehole UB46, that is, not in a production borehole.
UBI1 is 10 m away from the BTES; thus, it was not
exploited for temperature measurements in the BTES.

e Heat extraction and charging refer to the total heat
extracted and charged from/to the BTES. There are no
energy measurements at the borehole level.

Figure 15 shows the net extraction and charging from/to
the BTES from March 19 to August 31. There is a monthly
net heat charging of the BTES by about 1100 MWh in this
period. After the heat pump was installed in 2018, the accu-
mulated heat extraction increased drastically, reducing the
BTES temperature to approximately 25°C in 2021. Figure
15 is presented here to ease the analysis of the temperature
variations when the DTS was collecting data, but it does not
represent the balance of 2019. Further information about
energy balance and system performance can be found in
Andersson, Rydell, and Hakansson (2021Db).

Figure 16 shows selected temperature profiles in observa-
tion borehole UB46. All profiles are measured on the 19th
of each month from March to August at 1700 hours. The

11

profiles from March and April with energy extraction are
shown to the left, while the temperature profiles measured
during the heat charging period of the BTES in May, June,
July, and August can be seen to the right. Note that there is
heat extraction and heat charging in May 2019. The tem-
perature anomaly around 80 m depth is visible in both oper-
ation modes. The temperature anomalies at around 10, 35 to
40, and 100 m depth are clearer in charging mode. The dif-
ferences observed in the measured temperatures between 80
and 100 m can be explained by the differences in flow resist-
ance related to the heat carrier flow with neighboring bore-
holes and thermal interaction with neighboring production
boreholes. More details are given in connection to Figure
13, and to a possible observation of thermosiphon discussed
in the transient temperature section given later.

Energy analysis of heat extraction and charging versus
temperature development in UB46

Figure 17 shows the temperature evolution throughout the
measuring period at some selected borehole depths (10, 35,
60, 80, 83, 100, 110, and 120 m). These borehole depths
mostly correspond with the irregularities in the temperature
profile in UB46 with heat extraction and injection. The tem-
peratures at some levels (60, 110, and 120 m) follow the
same pattern, with minor variation from ~32 to 35°C. The
lowest temperature can be seen around May 20, when the
mode switches from heat extraction to charging. The temper-
atures at 80 and 83 m fluctuate the most, followed by the
temperature variations at 100 m depth. The temperature at
10 m depth has the most significant temperature variation,
possibly due to two main reasons: (1) a lower thermal con-
ductivity of the upper soil layer as compared to the bedrock
(slower temperature response) and (2) the temperature of the
circulating fluid, which is lowest/highest at the top of the
storage during extraction/charging periods.

The temperature sensors GT1la and GT2a (Figure 17) are
in the technical room. In heat charging mode, the sensor
GTla shows the temperature entering the boreholes and
GT2a the return temperature from the boreholes. In heat
extraction mode, the flow direction is switched, and then
GTla shows the return temperature and GT2a the supply
temperature to the boreholes (see Figure 11 for an illustra-
tion of the connection). The periods when the GTla and
GT2a temperatures are lower than the temperatures in UB46
imply heat extraction from the BTES, and vice versa, that is,
heat charging when GTla and GT2a temperatures are higher
than the temperatures in UB46. The range of heat charging
temperatures varies between 60 and 30 °C, with a maximum
temperature difference to the return temperature of 23 °C.
The average AT is around 10 K.

Figure 18A—C shows the temperature evolution at selected
depths and the corresponding heat exchange in the BTES dur-
ing some chosen periods during 2019: (A) heat extraction only
(8 days), (B) both heat extraction and charging from/to the
BTES (7 days), and (C) heat charging only (6 days).

Period (A)—Heat extraction (Figure 18A). The heat
extraction from the storage is nearly constant, providing a
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Fig. 17. (A) Temperature evolution in UB46 throughout the
measuring period for selected depths (10, 35, 60, 80, 83, 100,
110, and 120m) during heat extraction and charging in 2019.
(B) The GTla- and GT2a-temperature sensors in the manifold
control the temperature from and to the BTES, respectively.

steady decrease in temperature of around 1 degree at 60,
100, 110, and 120 m depth during the seven days. The tem-
perature decrease at 80-83 m depth responds more quickly
to the heat extraction and is around 2 to 5 degrees lower
than the rest during the seven days. The net heat extraction
from the BTES during this period is 88,324 kWh. Assuming
an even extraction per borehole for the seven days (168 h),
around 3.75kWh/h is extracted per borehole, or a specific
extraction of at least 25 W/m, considering the number of
boreholes in operation and the operation hours per borehole
section. A specific heat extraction of 25 W/m is normal for a
standard ground source heat system in Norway and Sweden

with a standard single U-collector (Holmberg et al. 2016).
The maximum measured heat extraction is around 700 kWh/
h, which is assumed to be evenly distributed among the
boreholes (140 x 150 =21 000m), giving a maximum spe-
cific heat extraction per borehole meter of 33 W/m.

Period (B)—Heat extraction and charging (Figure 18B).
The temperature response is more reactive during the period
with heat extraction and charging. In periods with variations
between heat extraction and heat charging, ripples are
observed in the temperature evolution at 80 and 83 m in
depth following the production borehole 34, as described in
connection to Figure 13. The net heat balance in this period
is 21,853 kWh. Some days the variation goes between about
1000kWh/h of heat charging (at least 48 W/m) and
700 kWh/h (at least 33 W/m) in heat extraction, considering
the number of boreholes in operation and the operation
hours per borehole section.

Period (C)—Heat charging (Figure 18C). The tempera-
ture increase reflects the variation in the heat charging dur-
ing the day, with the 83 m depth clearly showing the most
significant response. The temperature increase varies
between ~0.5 and 1.3° for all depths and the zone around
83 m, respectively. The net heat charging of the BTES in
these specific eight days is 79,730kWh (at least 19.8 W/m,
considering the number of boreholes in operation and the
operation hours per borehole section).

Transient temperature profiles in UB1 and UB46 from
March to September

Figures 19 and 20 show the temperature profiles measured
in UB46 and UBI in the whole period from March 19 to
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Fig. 18. Data from UB46 showing the temperature evolution at selected depths and the corresponding heat exchange in the BTES dur-
ing some chosen periods of (A) heat extraction (8 days), (B) both heat extraction and charging from/to the BTES (7 days), and (C) heat

charging only (6 days).
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Fig. 19. Measured temperature profile in UB46 inside the storage from March 19 to September 5, 2019 (x-axis, hours). The tempera-
ture (z-axis) varies from around 15°C at the top of the borehole to around 37-38°C at 13 and 84 m depth (y-axis). A temperature

peak can also be seen at around 42 m.

September 5, 2019. The storage is used for heat extraction
until March 21, alternating heat extraction and charging
from March 21 to May 30, and heat charging only from
May 30 to August 30. Note that there have been some cold
mornings with minor heat extraction during the period of
heat charging, but these are considered outliers as the peri-
ods are short.

The shape of the temperature profiles in UB1 (Figure 20)
remains almost unchanged during the entire period.
However, careful observation of the temperature levels
shows that the bottom part of the ground is successively
heated up more than the top, while the upper part becomes
colder. In the coaxial boreholes, the heat is injected through
the inner pipe of the borehole heat exchangers; thus, most
heat is injected at the bottom of the borehole, and the stor-
age volume slowly increases the temperature upward.

As indicated earlier by the temperature profile measure-
ment during the fiber installation day, February 7, the pres-
ence of groundwater flow could have explained one or
several of the peaks in UB46 but is unlikely due to the
entire conductive behavior in UBI verified by, for example,
the flat terrain and no hydraulic gradient, as well as meas-
ured effective thermal conductivity from the thermal
response tests.

The temperature profile in UB46 varies according to the
heat extraction and charging mode of the BTES. The tem-
perature levels vary from around 15°C at the top of the
borehole to about 37-38°C at 13 and 84 m depth, respect-
ively. A softer temperature peak can also be seen around 42
m. The temperature variation at around 13 m represents the
transition zone between the soil and the bedrock. The effect
of the lower thermal conductivity of the soil compared to
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Fig. 20. Measured temperature profile in UB1 outside the storage from March 19 to September 5, 2019. Despite a large fracture zone
in the borehole at 30 m depth, the thermal profiles show an entirely conductive response, and there is no groundwater flow through

this borehole.

the higher thermal conductivity of the bedrock means that
the soil gets colder during heat extraction from the storage,
and vice versa, warmer during heat charging of the storage.

Some internal and local groundwater flow inside parts of
UB46 cannot be excluded, for example, due to temperature
differences (thermosiphon). However, the "wave pattern" of
the temperature profiles in UB46 (Figure 16) indicates that
hydraulically driven groundwater flow influence is unlikely.
A possible hydraulically driven groundwater flow would
have shown as sections with even temperatures, between
fractures with inflowing and outflowing groundwater. An
exception from this statement can occur between 80 and
100 m depth, which a thermosiphon effect might cause, espe-
cially in charging mode (Figure 16), where warm water is
injected into the center of the coaxial collector and rises by
the annulus (Figure 10). The temperature difference between
the injected water in the production boreholes and the water
in the observation borehole, for example, at 100 m, might be
high enough to cause a thermosiphon effect with up-flowing
warmer water that could justify the profile between 80 and
100m in Figure 16. The lower heat flux in extraction mode
compared to charging can explain why the temperature pro-
files in this section varies so distinctly.

The diagrams in Figure 18 demonstrate the inertia of the
ground by temperature variations in observation borehole
UB46 through periods of heat extraction and charging from/
to the BTES. These are normal and agree with theory and
how the storage is expected to perform at the temperature
levels Emmaboda is operated with, similar to regular simula-
tions and operation of other BTES systems.

Despite limitations in this dataset, the minor temperature
changes during heat extraction and heat charging show,
together with the temperature profiles (Figure 16) and tem-
perature evolutions (Figures 17 and 18), that there is a
potential for higher thermal power rates in both heat extrac-
tion and charging modes at Emmaboda.

The higher heat exchange capacity of the BTES system is
possible for limited periods (hours). However, several other
limiting factors must be considered, such as a maximum
flow rate, the maximum vacuum pressure of the heat carrier
loop, and the temperature limits for the system (which might
be exceeded if higher power rates are used).

Conclusions

The first fiber optical temperature profile measurements in two
observation boreholes at Emmaboda BTES in Sweden give
valuable insights into heat transfer details inside and in the
vicinity of the borehole thermal energy storage during the oper-
ation. The temperature profiles in groundwater-filled observa-
tion boreholes were measured in February and from March 19
to September 5, 2019. The fiber cable position in the borehole
is random, for example, in the middle (groundwater) and close
to the bedrock of the borehole wall. At one of the oldest and
best documented BTES systems in operation, the DTS meas-
urements in the two observation boreholes UB1 and UB46 at
Emmaboda give a deeper understanding of the essential factors
influencing the design, construction, and operation of BTES.
The main findings from the study at Emmaboda are:

e Borehole deviation is the most complex factor in inter-
preting the temperature profile measurements and under-
standing the heat transfer results. The interpretation of
the temperature profiles in UB46 at Emmaboda is an
example of this. Here the information about the bore-
hole deviation of 15% (21 out of the 140) of the bore-
holes (Nordell et al. 2016) had to be carefully examined
to achieve a realistic interpretation of the observed tem-
perature irregularities, which varied with depth and
operation mode. The temperature profile deviates sig-
nificantly from a theoretical conductive temperature pro-
file. In new projects, the influence of the borehole
deviation from the theoretical vertical position should
get more attention and be further examined by 3D and
four-dimensional (4D) modeling, design, documentation
and visualization. This, together with continuous DTS
monitoring of several production and observation bore-
holes for complete thermal control and following oper-
ation of new BTES systems, can enhance short- and
long-term thermal performance.

e The unique coaxial collector used at Emmaboda with
switching flow direction in heat extraction and charging
mode affected the temperature results and had to be
considered when analyzing the data.

e Based on the temperature profiles measured in the
observation borehole UB46 inside the BTES, operation
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mode, information of the borehole deviations, and
neighboring boreholes, UB46 is interpreted to have con-
tact points or be in the vicinity of production boreholes
at the following depths:

10 m: borehole 46.

80 m (largest irregularity): borehole 34.
110 m: borehole 33.

120 m: borehole 21.

e The temperature response in UB46 seems more visible
in heat charging mode than in heat extraction mode,
maybe due to higher temperature levels during heat
charging and subsequently higher heat flux.

e The temperature in UB46 varies by a few degrees
throughout the measurement period, where the operation
modes vary among heat extraction only, both heat
extraction and heat charging, and heat charging only.
The small temperature variation indicates that the stor-
age operates appropriately and that large quantities of
stored heat are available for extraction. The storage vol-
ume seems to have the capacity for higher heat extrac-
tion rates, but several other limiting factors must be
considered (maximum flow capacity, maximum vacuum
pressure of the heat carrier loop, and temperature limits
for the system).

e  The temperature profiles measured in observation borehole
UBI, located 10 m outside the BTES, show an even and
smooth gradient parallel to the geothermal gradient in the
entire borehole during the measurement period. The meas-
ured in situ effective thermal conductivity in the preinves-
tigation phase correlates with the expected thermal
conductivity value based on the mineralogical composition
of the rock. If a regional groundwater flow had been pre-
sent at Emmaboda, a significantly higher value (convective
heat transfer contribution) of the effective thermal conduct-
ivity should have been measured in the thermal response
tests. Even though there is a major water-filled fracture
zone at approximately 30 m in depth, these results, in
combination with the flat terrain and several open rivers
and dams in the area, imply that there is no hydraulic gra-
dient and verify that the measurement is not disturbed by
a regional groundwater flow. No groundwater flow means
that the heat loss of the BTES is conductive only.

In further work, it is recommended that observations
investigate an eventual influence by a regional groundwater
flow in the crystalline and fractured bedrock at Emmaboda.
This should be done in a model study where the fluid flow
is in fractures only, that is, with negligible porosity and per-
meability of the rock matrix. The model study will give a
deeper understanding and wholeness for the hydrogeological
and thermal interaction for the BTES in operation.

Nomenclature

BHE = borehole heat exchanger
BTES = borehole thermal energy storage
DTS = distributed temperature sensing
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GTla, GT2a = supply and return temperatures to/from
the BTES
HT-BTES = high-temperature BTES
UBI1 = observation borehole 10 m away from
the BTES
UB46 = observation borehole in the BTES
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