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Abstract: To generate performance predictions of borehole thermal energy storage (BTES) systems
for both seasonal and short-term storage of industrial excess heat, e.g., from high to low production
hours, models are needed that can handle the short-term effects. In this study, the first and largest
industrial BTES in Sweden, applying intermittent heat injection and extraction down to half-day
intervals, was modelled in the IDA ICE 4.8 environment and compared to three years of measured
storage performance. The model was then used in a parametric study to investigate the change in
performance of the storage from e.g., borehole spacing and storage supply flow characteristics at
heat injection. For the three-year comparison, predicted and measured values for total injected and
extracted energy differed by less than 1% and 3%, respectively and the mean relative difference for the
storage temperatures was 4%, showing that the performance of large-scale BTES with intermittent heat
injection and extraction can be predicted with high accuracy. At the actual temperature of the supply
flow during heat injection, 40 ◦C, heat extraction would not exceed approximately 100 MWh/year for
any investigated borehole spacing, 1–8 m. However, when the temperature of the supply flow was
increased to 60–80 ◦C, 1400–3100 MWh/year, also dependent on the flow rate, could be extracted at
the spacing yielding the highest heat extraction, which in all cases was 3–4 m.

Keywords: borehole thermal energy storage; industrial excess heat; model validation; performance
predictions; IDA ICE

1. Introduction

A borehole thermal energy storage (BTES) is a system that may allow for both short- and long-term
storage of heat. A BTES stores heat directly in the ground using a number of vertically drilled holes
in which a heat carrier is circulated. The most commonly used technique is to use a single or double
U-pipe inserted into the borehole. Boreholes are often positioned within a regular shape at a distance
of 3–4 m from each other [1] and drilled to a depth of between 3 and 200 m, depending on local design
factors. However, other borehole spacings are also used, an example being the BTES at the Drake
Landing Solar community, which uses a spacing of 2.25 m [2]. The top surface confining the borehole
field is insulated to reduce heat losses. Ground formations that are suitable for BTES include rock and
soil [3,4]. Unsaturated ground formations may result in higher storage performances than saturated
ground formations because of lower ground thermal conductivity [5,6]. Groundwater flows at the
storage location are preferred to be low, as heat may be transferred away from the storage via these
flows. The overall performance of a BTES is often described by the amount of useful energy that can be
extracted from the system, or the ratio of heat extracted to heat injected, known as the BTES efficiency.

The first full-size borehole thermal energy storage systems were realized in the early 1980s [7] and
Gao et al. [3] report that the number of BTES boreholes in use in the Netherlands is estimated to have
increased from 18,000 in 2006 to 22,500 in 2007 and that similar growth can be seen in other European
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countries. In 2015, the estimated number of BTES in Sweden with at least 10 boreholes was 650 [8].
BTES have commonly been used within smaller district solar heating systems to reduce the seasonal
mismatch between solar radiation and building heat demand. Examples of seasonal BTES systems
where solar heat is the energy supplied to the system, for which system design and performance have
been presented in detail, are the BTES at Anneberg, Sweden [9], Neckarsulm, Germany [10], and The
Drake Landing Solar Community in Okotoks, Alberta, Canada [11]. In recent years, experimental
facilities have been used to better understand the underground thermal behaviour of these systems,
e.g., in [12–14], where for example various charging and discharging strategies have been tested.
Some research has also used numerical models to predict and investigate the performance of BTES for
the storage of solar energy, including [5,15,16]. In [16], the performance of a BTES coupled with solar
collectors was predicted for a system located in a subarctic climate. Predictions showed that 20% of the
annual heat demand at the site, being 425 MWh/year, could be satisfied by a 500 m2 solar collector area
coupled with two short-term storage tanks and a BTES system with a volume of 10,000 m3.

However, industrial companies in cold climates that have an excess of heat due to the cooling
demands of their main processes—primarily in summer but also in winter—also see great potential for
BTES systems. This is because they can use both the seasonal storage function of the BTES to shift
excess heat from summer to winter for space heating, and the short-term storage function of the BTES
to shift heat from high production hours to low production hours or from mild to cold winter days.
This latter function of the storage system places more requirements on design and control systems,
and thus also on the ability to numerically model these dynamic short-term effects.

Currently, there are few BTES installations for the storage of industrial excess heat, and research
on their potential is in its early stages. In [17], the performance of a BTES for the storage of heat from
a copper plant, located in Chifeng, China, was modelled for a case in which the BTES was used for
local space heating and another in which stored energy was delivered to the district heating network.
A higher BTES performance was found in the latter case due to a lower return flow temperature
from the customers. In [18], a multi-stage series borehole configuration was proposed for a BTES for
storage of industrial excess heat in order to achieve a high temperature gradient, 15–20 ◦C, over the
BTES and thereby a low supply flow temperature for process cooling. A sensitivity analysis of the
proposed system showed that there is an optimum borehole spacing, resulting in a minimum BTES size.
For improved understanding of the performance of large-scale geothermal technologies, the project
Annex 52 [19] is currently under way. In this project, measurements are conducted on geothermal
installations serving commercial, institutional and multi-family buildings, with the aim of reporting
realistic system performances and giving guidelines on the instrumental set-up and analysis of these
systems. The project will run until 2021 and the participating countries are Finland, the Netherlands,
Sweden, the UK and the USA. The BTES at Xylem’s production site in Emmaboda, Sweden, which is
studied in this paper, is one of the case studies in Annex 52. The performance of the storage at Xylem
has also been evaluated by Nilsson and Rohdin in [20].

The aim of this paper is to model the first and largest industrial BTES in Sweden and investigate
its performance. The paper will compare the performance of a numerical BTES model, implemented in
the IDA ICE 4.8 simulation environment, with measured data from this large-scale BTES, located in
Emmaboda, Sweden. The model will also be used to study the effects of different key parameters for
this storage. The performance evaluation is of interest to the industry as well as to BTES designers
because no study has been found in the literature that validates a model for large-scale industrial BTES.
More specifically, the paper will 1) validate a borehole model against measured data for three years
of storage operation using the borehole module in the commercial software IDA ICE, and 2) use the
validated model to analyse how the BTES performance is affected by borehole depth, borehole spacing,
supply flow rate and temperature at heat injection and extraction, and ground thermal conductivity.
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2. Description of the Site and the Modelled BTES

The studied BTES is located at Xylem’s production plant in Emmaboda, Sweden. Xylem,
Emmaboda is a manufacturer of submersible pumps and employs roughly 1100 people, of whom 750
work in production. At the site, machine parts are being both assembled and produced. Most of the
excess heat comes from a foundry, where approximately 18,000 tonnes of iron are smelted annually,
mainly from two high-temperature ovens. The purpose of the BTES is to reduce the site’s purchase of
district heating, which is used mainly for ventilation and space heating. Energy is primarily stored in
the BTES from summer to winter, but heat is also injected into the storage during times of excess heat
in the winter. The heated indoor area at the site measures 110,000 m2 and purchased district heating
constitutes 4000 MWh/year. A simplified schematic of the site’s heat distribution system is shown in
Figure 1.
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Figure 1. Heat distribution network at Xylem, Emmaboda.

The BTES, illustrated in Figure 2, consists of 140 boreholes placed in a rectangular array with a
borehole spacing and depth of 4 m and 150 m respectively. The storage has been divided into seven
sections, A–G, with their own connection to the main supply and return manifold which connect the
storage to the site’s internal heat distribution system via a heat exchanger. This partitioning makes it
possible to choose which parts of the storage to charge and discharge. For example, at times when
excess heat is available at temperatures close to that of the storage centre, it may be injected at the outer
partitions where the ground temperature is lower. Each section contains 20 boreholes, connected in
series of two and two, as shown in Figure 2 for section C. The flow rate for each section is approximately
3 l/s, meaning a total storage flow rate of about 20 l/s when all the sections are open. Within a section,
the flow is distributed equally across the boreholes.

The site’s monitoring system consists of a large number of temperature and pressure sensors,
allowing the BTES side of the heat exchanger to operate automatically according to the factory side
of the heat exchanger. Ground temperatures are measured by four temperature sensors, GT1–GT4
(see Figure 2). GT1 and GT2 are located within the borehole field at a depth of 117 m and 70 m,
respectively. GT3 is located 10 m outside the south-west border of the borehole field at a depth of
100 m, and GT4 is located just beneath the insulation covering the top of the storage. GT1–GT3 are
placed in inactive boreholes, used during the design of the storage, whereas GT4 is placed between
boreholes. In total, this means that no temperature sensor is in direct contact with the heat transfer
fluid. Ground temperatures are measured using Pt100 sensors from Pentronic (four-wire connection,
wire wound, class AA according to IEC 60751:2008). With the exception of GT1, for which temperatures
are measured every five minutes, ground temperatures are registered every six hours. Energy injected
into and extracted from the storage are determined from the mass flow rate and its temperature at
the storage entrance and exit. The mass flow rate is calculated from the pressure differential, which
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is measured using a pressure differential meter from TA Hydronics (TA Link 0-10 V/4-20 mA) with
an accuracy of less than 1 kPa. The flow temperatures are also measured using Pt100 sensors from
Pentronic. Flow data is registered at five-minute intervals.
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Figure 2. Layout of the borehole thermal energy storage (BTES) at Xylem, Emmaboda. The BTES
consists of 140 boreholes, divided into seven sections, A–G, of 20 boreholes each. GT1–4 are temperature
sensors inserted into the ground for storage operation and monitoring.

The borehole heat exchanger, shown in Figure 3, is of an open type. It consists of a double pipe,
a DN 40 pipe inserted into a DN 90 pipe, placed in line with the borehole’s centre point. The heat
transfer fluid, being a mixture of groundwater and externally added water, is transported within
the DN 40 pipe and the annular space between the DN 90 pipe and the surrounding rock. In the
space between the pipes, water is confined by the use of swelling rubber at regular intervals along
the borehole heat exchanger length, with the purpose to limit heat transfer between upward and
downward flow. The open borehole heat exchanger design is made possible by a nearby dam, which
keeps the groundwater level at approximately 2 m beneath ground level year-round. For the distance
between ground level and the groundwater table, the borehole is separated from the surrounding rock
by a steel pipe. This being considered, and the fact that the pipe system ends at a depth of 146 m,
means that the length of the borehole heat exchanger is 144 m. From ground to atmosphere, the surface
area confining the boreholes is covered with 0.15 m sand, 0.40 m foam glass, thermal conductivity of
0.11 W/(m·◦C), and 0.20 m soil.

Before the construction of the storage, two investigative drillings were made, TH1 and TH2, each
to a depth of 150 m [21]. The positions of TH1 and TH2 are given by temperature sensors GT3 and GT1/2
respectively. Rock samples revealed a bedrock primarily made of granodiorite, but with a few 2–5 m
layers of amphibolite. The soil depth was determined to be 9 m for TH1 and 5 m for TH2, suggesting a
bedrock that dips slightly towards the west. During TH1, a fracture zone with groundwater flow was
encountered at a depth of 29–33 m, whilst a minor fracture zone showing groundwater movement was
encountered during TH2 near the surface. Through an airlift test, the groundwater flow of the fracture
zone in TH1 was determined at 800 l/min.

An illustration of the intermittent storage heat injection and extraction at the site, which occurs
as excess heat is also stored in the winter, is shown in Figure 4. Changes between heat injection and
extraction mostly occur over the course of a few days. The shortest changes noted are around 10 h.
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3. Numerical Procedure

3.1. Numerical Model

IDA ICE 4.8 is a simulation tool that focuses on the dynamic modelling of thermal systems
such as heating, ventilation, cooling and generic functions for buildings and industries. IDA ICE is
implemented in the general-purpose environment IDA, where all models are available as NMF (Neutral
Modelling Format) source code [22]. The simulation environment has been validated and is included
in the BESTEST Library [23]. In this study, the IDA ICE GHX module for borehole heat exchangers
has been used [24]. The model uses the finite difference method to calculate a 2-D temperature field
around each borehole, which are then summed through superposition to generate a 3-D temperature
field in the ground. The model can be used for an arbitrary configuration of boreholes of equal depth.
The ground is represented by a single layer, but separate properties may be assigned to the top ground
layer containing the borehole casing. This means that the ground is modelled using average properties
for e.g., thermal conductivity, density and heat capacity. The model is limited to U-pipes as the ground
heat exchanger and does not explicitly consider groundwater flow. Boundary conditions for the ground
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surface is given by the outdoor air temperature, which may vary with time. In the model, the following
temperature fields are calculated for each borehole [25]:

• One-dimensional heat transfer between downward and upward flow
• One-dimensional heat transfer between grout (backfill material), liquid and ground
• Two-dimensional heat transfer around the borehole and between the grout and the liquid, using a

mesh of cylindrical coordinates

The combined thermal influence on the ground from multiple boreholes is given by superposition.
A one-dimensional vertical field, interacting with the ground surface, is used to describe the undisturbed
ground temperature. The thermal processes between fluid, grout and borehole wall are dynamic,
i.e., the thermal mass of both the fluid and the grout are accounted for. However, the thermal mass
of the pipe itself is not considered. To describe the energy balance of downward and upward flow,
Equations (1) and (2) [24,25] are applied:

MCp,Liq·dTdi, j/dt
= miCp,Liq·

(
Tdi, j−1 − Tdi, j

)
+ KLiqGrout,i·

(
TGroutd,i, j − Tdi, j

)
+KLiqEarth,i·

(
Ti, j − Tdi, j

) (1)

MCp,Liq·dTui, j/dt
= miCp,Liq·

(
Tui, j+1 − Tui, j

)
+ KLiqGrout,i·

(
TGroutu,i, j − Tui, j

)
+KLiqEarth,i·

(
Ti, j − Tui, j

) (2)

where MCp,Liq (J/◦C) is the absolute heat capacity of the upward or downward flow in node j at borehole
i, Tdi, j (◦C) and Tui, j (◦C) are the temperature of the downward and upward flow respectively in node
j at borehole i, mi (kg/s) is the mass flow rate at borehole i, Cp,Liq (J/(kg·◦C)) is the specific heat capacity
of the fluid at borehole i, KLiqGrout,i (W/◦C) is the heat transfer coefficient multiplied by area between
grout and fluid at borehole i, TGroutd,i, j (◦C) and TGroutu,i, j (◦C) are the grout temperature around the
downward and upward flow respectively in node j at borehole i, KLiqEarth,i (W/◦C) is the heat transfer
coefficient multiplied by area between the fluid and borehole wall at borehole i, and Ti, j (◦C) is the
borehole wall temperature in node j at borehole i.

The energy balance of the filling material is described by Equations (3)–(5) [24,25]:

MCp,Grout2 ·dTGrout,i, j/dt
= KGroutGrout·

(
TGroutd,i, j − TGroutu,i, j − 2TGrout,i, j

)
+KGroutEarth·

(
Ti, j − TGrout,i, j

) (3)

MCp,Grout1 ·dTGroutd,i, j/dt = KGroutGrout·
(
TGrout,i, j − TGroutd,i, j

)
+

KLiqGrout,i·
(
Tdi, j − TGroutd,i, j

)
+ KRingEarth·

(
Ti, j − TGroutd,i, j

) (4)

MC(p,Grout1) · dTGroutu,i, j/dt = KGroutGrout · (TGrout,i, j − TGroutu,i, j)

+KLiqGrout,i · (Tdi, j − TGroutu,i, j) + KRingEarth · (Ti, j − TGroutu,i, j)
(5)

where MCp,Grout2 (J/◦C) and MCp,Grout1 (J/◦C) are the absolute heat capacity of the outer and inner
grout respectively, TGrout,i, j (◦C) is the temperature of the outer grout in node j at borehole i, KGroutGrout
(W/◦C) is the heat conductivity coefficient multiplied by length between the grout ring and outer
grout, KGroutEarth (W/◦C) is the heat conductivity coefficient multiplied by length between grout and
ground, and KRingEarth (W/◦C) is the heat conductivity coefficient multiplied by length between grout
ring and ground.

Heat resistances used to calculate the heat conductivity coefficients, K, are either entered directly
or calculated by providing an effective borehole thermal resistance, Rb. The effective borehole thermal
resistance, Rb is the thermal resistance between the heat transfer fluid and the borehole wall, assuming
a steady-flux state [26]. A more detailed description of the model is found in [24].
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3.2. The Modelled System and Validation Setup

For model validation, values for the energy injected into and extracted from the storage were
used, along with ground temperatures, measured by temperature sensors GT1–GT4 (see Figure 2).
For the validation period considered, March 2012–March 2015, the maximum measurement error of the
average storage supply flow, 12.6 l/s, was determined at 4.9%. The maximum measurement error for
the mean storage supply (37.5 ◦C) and return flow temperature (35.3 ◦C) are 0.8% and 0.9% respectively.
By considering average values for temperatures and flow, the maximum error is 12.9% for registered
injected energy and 16.5% for registered extracted energy. At the mean values measured by ground
temperature sensors GT1–GT4, 19.3–33.6 ◦C, the maximum measurement error is in the range 0.9–1.6%.

An uncertainty when modelling any BTES is the ground properties, along with the effective
borehole thermal resistance. Here, simulations were carried out for various values of the effective
borehole thermal resistance, whilst the effective ground thermal conductivity and ground volumetric
heat capacity were kept at fixed values. Values for the effective borehole thermal resistance were
limited to 0.05, 0.10, and 0.15 (m·◦C)/W, based on a value of 0.10 (m·◦C)/W being common for these
applications [27]. Good agreement between the modelled and measured data was achieved when
Rb was set to 0.15 (m·◦C)/W. Based on ground samples taken prior to the construction of the storage,
showing a ground composition primarily made up of reddish grey to light grey granodiorite [21],
the volumetric heat capacity was set to 2.2 MJ/(m3

·
◦C). The effective ground thermal conductivity was

set to 6 W/(m·◦C), which was obtained when it was calculated from measured ground temperatures
using steady-state heat transfer through cylindrical shells, see Equation (6) [28]:

.
Q = 2πkL

T1− T2
ln(r2/r1)

(6)

where
.

Q is the heat transfer rate (W), k is the ground thermal conductivity (W/(m·◦C)), L is the cylinder
length (m), r1 and r2 are the inner and outer radius respectively (m), and T1 and T2 are the respective
temperatures at these positions (◦C). In this case, the cylinder of radius r1 is represented by a cylinder
of approximate volume and surface area as the volume confining the borehole field, limited in height
by the positions of GT2 (70 m) and GT1 (117 m). The temperature T1 of this cylinder is given by the
average value of GT1 and GT2. The radius r2 is given by the distance between the borehole field
centre and the position of GT3. T2 is given by the temperature of GT3. Calculations consider the
average heat transfer rate

.
Q, which is obtained from the change in temperature of the cylinder of

radius r1, and the average temperature difference T1–T2 for periods of heat injection only, i.e., summer.
This calculated value of 6 W/(m·◦C) can be compared to the ground thermal conductivity of only
granodiorite, approximately 2.7 W/(m·◦C) [29], which does not consider e.g., possible fracture zones
with groundwater movement at the storage location.

As IDA ICE GHX is limited to closed-loop borehole heat exchangers, the open borehole heat
exchanger was modelled as a single U-pipe. The inner radius of the U-pipe was set to 16 mm, and water
was used as backfill material. The used properties of water was 4.18 kJ/(kg·◦C) for specific heat,
1000 kg/m3 for density and 0.6 W/(m·◦C) for thermal conductivity. The borehole diameter was set to the
same as for the actual case (115 mm). The unaffected ground temperature was set to 8 ◦C, as determined
from site investigations [21]. The distance between the surface level (0 m) and the beginning of the
ground heat exchanger (approximately −2.8 m) was modelled as one layer with the weighted average
properties of the individual layers. The outdoor air temperature for the period considered was taken
from a nearby weather station, located in Kosta, Sweden. In the model, boreholes were connected in
series of two and two, according to the real case.

The storage came into operation in June 2010, but data for the injected and extracted energy and
ground temperatures were first measured in March 2012. The model was initiated to correspond to the
starting conditions. However, the temperature measured by GT4 is strongly affected by the outdoor
climate as the sensor is placed just below the top insulation of the storage. The operation of the storage
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at heat extraction was limited to the three inner storage sections, which resembles the actual operation
of the storage where this most of the time has been the case. For heat injection, which primarily takes
place with four and five storage sections open, the operation of the storage was approximated by
letting the flow be evenly distributed across all the boreholes. The measured storage supply flow data,
used as model input, is shown in Figure 5. In the model, a resolution of one hour was used for the
storage supply flow data.
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The model layout is shown in Figure 6. The component at the centre is the IDA ICE GHX
component, where such aspects as geological and storage design parameters are assigned. The arrays
of components are borehole inlets and outlets, where each group of 30 components corresponds to one
of the storage sections A–G. Each set of three components corresponds to two boreholes connected in
series, where the first component gives the inlet of the first borehole, the second component the outlet
of the first borehole and the inlet of the second borehole, and the third component the outlet of the
second borehole. Storage supply flow data is supplied to the borehole inlets from the components on
the far left. In order to control the storage operation in the model validation so that heat extraction
is limited to sections C–E, one input file is used to supply the mass flow rate to sections C–E and
another to the remaining sectors. For the parametric study, presented in detail below, the mass flow
rate supplied to the storage is given by the sum of the two input data files. In this case, one of the
files represents heat injection and contains non-zero values for the mass flow rate during times of heat
injection and zero values during times of potential heat extraction, whereas, the opposite is true for the
other file, which represents heat extraction. At the beginning of each simulation time step, the input
file corresponding to heat extraction will be multiplied by the number 1 in cases where the storage
return flow temperature from the previous time step exceeds the minimum useful storage temperature
and otherwise it will be multiplied by 0. This logical operation takes place to the right in the figure,
where the injected and extracted energy are also calculated.

3.3. Parametric Study

For the parameterization, the impact on storage performance in terms of injected and extracted
energy was investigated for various storage supply flow characteristics at heat injection, borehole
spacings, borehole depths, ground thermal conductivities, and minimum useful storage temperatures.
The analysis of ground thermal conductivity and minimum useful storage temperature is limited to
the actual storage supply flow at heat injection. Parameterization of borehole spacing and borehole
depth was carried out for six different combinations of the storage supply flow at heat injection, being
multiples of the actual supply flow. The combinations were chosen with the purpose of investigating the
influence of storage performance from storage supply flow temperature as well as storage supply flow
rate. These combinations are denoted as Cases 1–6 and are presented together with their corresponding
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annual absolute mean values in Table 1. Case 6 is the actual storage supply flow at heat injection.
Parameters considered in the study and their ranges are presented in Table 2. Also, the parameter
values are based on the actual values at the site.
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Table 1. Combinations of the storage supply flow at heat injection considered in the parametric study,
Cases 1–6. Bold print denotes the actual flow (Case 6). Mass flow rate (kg/s) and flow temperature (◦C)
are annual mean values.

Case Mass Flow of
Actual (%)

Flow Temperature
of Actual (%)

Mass Flow Rate
(kg/s)

Flow Temperature
(◦C)

Case 1 75 200 10 80
Case 2 150 150 20 60
Case 3 100 150 13 60
Case 4 75 150 10 60
Case 5 150 100 20 40
Case 6 100 100 13 40

Table 2. Parameters and parameter ranges considered in the sensitivity analysis of the borehole thermal
energy storage (BTES) performance. Bold print denotes actual design and geological values for the
BTES at Xylem, Emmaboda.

Parameter Values Case

Borehole spacing (m) 1, 2, 3, 4, 5, 6, 7, 8 1–6
Borehole depth (m) 84, 114, 144, 174, 204, 234, 264, 294, 324 1–6

Modelled ground thermal conductivity (W/(m·◦C)) 1, 2, 3, 4, 5, 6, 7, 8 6
Minimum useful storage temperature (◦C) 30, 35, 40, 45 6

Calculations assume that heat extraction takes place during the building heating season whenever
heat is not injected and the storage can deliver the minimum useful temperature to the internal heat
distribution network. A supply flow temperature of a minimum of 40 ◦C is required to be supplied to
the internal heat distribution network for existing heat exchangers. It is assumed that all extracted
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energy is useful. Heat extraction takes place at maximum flow rate, which for Cases 1–5 is scaled from
the actual maximum storage flow rate, Case 6, in accordance to the flow rate at heat injection. The flow
is distributed evenly across all the boreholes both at heat injection and extraction. For Emmaboda,
the building heating season is September 15 to May 15.

Simulations were conducted for a long enough time for the storage to reach an annual steady state,
i.e., storage performance is repeated for subsequent years. For the time after the end of the measured
data, March 2015, the previous year’s storage supply flow data at heat injection was repeated for each
following year. Annual steady state was considered to have been reached when the yearly injected
energy for the next year changed by less than 5% and the ground temperatures as given by GT1–GT4 at
the start and end of the years differed by 1 ◦C or less and showed similar patterns throughout the year.
The annual steady-state criterion is illustrated in Figure 7, by considering one ground temperature
point. In Figure 7, the annual steady state is considered to have been reached in year six. From when
annual storage supply flow data at heat injection was repeated, the yearly steady state was reached in
between two and four years in all cases. Based on findings from the model validation, presented later,
parameterization was conducted using daily averages for the supply flow data used as model input.
The remaining model input parameters are the same as for the validation.
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4. Results and Discussion

This section will start with the three-year comparison of calculated and measured storage
performance, including a time-step dependency analysis for calculated storage performance. This will
then be followed by the results of the parametric study, starting with the influence of borehole spacing
on storage performance, followed by the influence of borehole depth, ground thermal conductivity,
and minimum useful storage temperature.

4.1. Model Validation and Time-Step Dependency

For injected and extracted energy, the predicted values deviate from measured values by less
than 1 and 3%, respectively, for the three-year comparison, and curves for predicted and actual values
follow the same pattern (Figure 8). The same patterns between modelled and measured values are also
seen for the ground temperatures (Figure 9). Both for GT1, GT2, and GT3, which are all located at
depths of between 70 and 117 m, the mean relative difference between modelled and measured data
for the period is 4%, and for GT4, located just beneath the insulation covering the top surface of the
borehole field, the mean relative difference is 13%. Both for calculated and measured data, the BTES
efficiency for the whole period is 2%. The reason why the BTES efficiency and extracted energy are not
higher is because extraction is limited by the return flow temperature at the internal heat distribution
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network, which during the winter is 35–40 ◦C. A BTES system often needs a few years before reaching
high enough temperatures to allow heat extraction to take place. But, as shown by Catolico et al. [15],
the performance of a BTES system may also continue to increase with time due to changed boundary
conditions for subsequent cycles because not all of the injected energy is recovered on each cycle.
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The larger temperature changes seen for the modelled values of GT2 compared to the measured
values suggest a ground composition at this location that has a higher heat capacity than that used
for the ground in the model. Although site investigations showed a bedrock primarily made of
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granodiorite, it also showed some 2–5 m thick layers of amphibolite, which has slightly higher heat
capacity than that of granodiorite. For ground formations, geological properties may be different at
different depths. For example, dependent on e.g., porosity and water content, the ground thermal
conductivity can range from around 1 W/(m·◦C) up to 7 W/(m·◦C), showing the importance of site
investigations prior to the construction of the BTES. For GT4, the temperature difference between
the modelled and measured values as of March 2012 is almost 15 ◦C and the slower temperature
changes seen for the modelled data suggest that the climate has a smaller impact on GT4 in the model.
Reasons for this could be an overprediction of the thermal resistance of the layer above the borehole
heat exchangers, as well as climate data limited to outdoor temperature. For example, heat transport
from the region could be affected by rain permeating the ground. On the other hand, the difference
in temperature at GT4 has little effect on storage performance. One-dimensional steady-state heat
conduction through the layer covering the borehole field, from the position of GT4 to the atmosphere,
gives a storage heat loss of 255 and 225 MWh respectively for modelled and measured temperatures
for the three-year period, i.e., ca 3% of the total injected energy.

In Figures 10 and 11, model output for an hourly time step is compared to the output obtained
using a time step of one day, one week, and four weeks. Apart from extracted energy, the choice of
time step barely affects the model output. Differences seen for extracted energy can be explained
by the at times rapid changes between storage heat injection and extraction, occurring at intervals
of between half a day and a few days. These short-term changes in storage operation are lost when
supply flow data is averaged over periods longer than those at which they occur. The simulation
time was approximately 40 h, 5 h, 40 min, and 15 min for a time step of one hour, one day, one week,
and four weeks respectively. Simulations were carried out using an Intel Xeon processor (3.70 GHz,
four cores), a SSD with 1800 MB/s write speed, and 16 GB of RAM.
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4.2. Parametric Study

4.2.1. Borehole Spacing

A key parameter for BTES is the borehole spacing because this will affect the volume into which
heat is injected and the degree to which the boreholes thermally interact with each other. In Figure 12,
annual heat injection and extraction for the storage at Emmaboda are shown as function of borehole
spacing for the six constructions of the supply flow at heat injection, Cases 1–6. For all flows, the amount
of energy that can be injected into the storage increases with increasing borehole spacing. This outcome
is expected because an increased borehole spacing means that energy is injected into a larger ground
volume, i.e., the thermal mass of the volume confining the boreholes is increased, resulting in a higher
temperature difference between the ground and the heat transfer fluid. It is visible that the change
in injected energy for each increment in borehole spacing decreases as the spacing becomes larger.
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The curve will continue to flatten out as the heat transfer process around a borehole from an increased
borehole spacing approaches a state where it is negligibly affected by any other borehole. From a
spacing of 7 to 8 m, injected energy increases by 3–6% for considered flows. For all flows, a logarithmic
curve fit gives an increase in annual injected energy for each increment (1 m) in borehole spacing of
less than 2% and 1% when the borehole spacing reaches approximately 15 and 25 m respectively.
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in legend parentheses are the mass flow rate and temperature of the supply flow at heat injection
respectively. 4 m is the actual borehole spacing.

If the borehole spacing is too large, the storage will not reach high enough temperatures for heat
to be extracted, and a spacing that is too small means that potential heat that could be stored and
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recovered is lost. The existence of an optimum borehole spacing for heat extraction is in line with the
findings of Welsch et al. [30]. In this case, a borehole spacing of 4 m yields the highest heat extraction
for Cases 1–3, whilst 3 m gives the highest value for Case 4. At these spacings, 3080, 2060, 1680,
and 1380 MWh/year can be extracted for Cases 1, 2, 3 and 4, respectively. Overall, the reduction in
extracted energy is higher when the spacing is decreased than increased from this point. For Cases 1–3,
more energy can be extracted at a spacing of 8 m than 2 m. For the considered flows, the energy that
can be injected and extracted at the same borehole spacing is in descending order first related to the
flow temperature and secondly to the flow rate. The actual flow temperature, Cases 5 and 6, is not
sufficient for the storage to reach the temperatures necessary for any noticeable amount of energy to
be extracted.

However, for Cases 1–4, extracted energy at larger borehole spacings could be increased by
increasing the flow rate or only using the inner boreholes. This is demonstrated for Case 2 in Figure 13,
which shows the horizontal temperature distribution at half the borehole depth (72 m) for Case 2 when
the temperatures within the borehole field at this line are at their annual maximum and minimum,
respectively. From the area between the black line, indicating minimum useful ground temperature,
and the minimum temperature graphs, it can be seen that when the borehole spacing increases there is
an increasing amount of energy that is never extracted. This can be explained by the lower storage
temperatures with a larger borehole spacing, meaning a lower temperature difference between the
ground and the heat transfer fluid and thus lower power output.Energies 2019, 12, x FOR PEER REVIEW 14 of 19 
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The ratio of heat extracted to heat injected, known as the BTES efficiency, is shown for Cases 1–6
as a function of borehole spacing in Figure 14. As for heat extraction, the highest values are obtained at
a moderate borehole spacing. Although a larger volume taken up by the borehole field often means a
higher volume-to-area ratio of the borehole field and lower relative heat losses to the surroundings,
the storage needs to reach high enough temperatures in order to reach high heat extractions and
efficiencies. In this case, part of the lower efficiency at larger borehole spacings is explained by the
non-extracted energy, Figure 10. For Cases 1–3, the highest BTES efficiency is achieved at a borehole
spacing of 3 m, although most energy can be extracted at a spacing of 4 m. However, their respective
efficiencies are almost the same at a spacing of 3–5 m. For Cases 1–4, efficiencies reach 40–50%, whilst
efficiencies for Cases 5 and 6 do not exceed 10%.
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4.2.2. Borehole Depth

As with borehole spacing, borehole depth will affect the volume into which heat is injected,
but also the heat exchange length between the heat transfer fluid and the ground. In Figure 15, it can be
seen that from a borehole depth of 84 m; the injected energy increases almost linearly for all flows with
the extended borehole heat exchanger length from an increased borehole depth. However, this increase
per metre of borehole depth is lower than the average heat injection per metre until a borehole depth
of 84 m, as seen from the graphs’ starting points, meaning that heat injection per metre of borehole
decreases with borehole depth. The basis for this is that the storage supply flow temperature at heat
injection is at its highest at the borehole inlet, for example facilitating heat transfer between the fluid
and the ground closer to this point. The lower heat injection with increased depth results in lower
storage temperatures and gives a cut-off point of borehole depth for heat extraction. For Cases 1 and 2,
this cut-off point takes place soon after a borehole depth of 264 m, whilst the extracted energy has
already begun to decline after a depth of 234 m for Case 3 and after 204 m for Case 4. At these depths
yielding the highest annual heat extraction, 3590, 3020, 2130, and 1530 MWh/year can be extracted for
Cases 1, 2, 3, and 4 respectively. For Cases 1–3, the respective BTES efficiencies are almost the same
between the depths of 84 and 234 m. The BTES efficiency may be a good indicator for how well a
certain BTES performs but does not disclose whether for a given heat load the BTES could have been
designed differently so that higher heat extractions could have been achieved. Moreover, if there is
a warm winter, the BTES efficiency may be limited by the site’s heat demand, resulting in a lower
efficiency than could otherwise have been achieved. This was reported for the BTES at the Drake
Landing Solar Community [15].

By comparing Figure 15 to Figure 12, it can be seen that apart from Cases 5 and 6, for which heat
extraction is very small, more energy can be extracted from increasing the borehole depth than by
altering the borehole spacing. The percentage increase is largest for the case having the highest mass
flow rate, Case 2, where 47% more energy can be extracted at the best-performing borehole depth in
this aspect as compared to the best-performing spacing. A benefit of deeper boreholes is the longer
heat exchanger length obtained for the same volume taken up by the borehole field as compared to
shallower boreholes. On the other hand, deeper boreholes will in general mean a lower volume-to-area
ratio of the borehole field, increasing relative heat losses from the borehole field to the surroundings.
It should also be noted that in practice ground heat exchanger installations rarely exceed a depth of
around 250 m due to the difficulty and cost of drilling at these depths. As for the investigation of
borehole spacing, extracted energy is in descending order first given by the flow temperature and
secondly by the flow rate.
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4.2.3. Ground Thermal Conductivity

A crucial parameter for the heat transfer process in the ground in the presence of a BTES is the
(effective) ground thermal conductivity. In Figure 16, ground thermal conductivity is plotted against
annual injected and extracted energy and BTES efficiency at annual steady state for the actual storage
design and supply flow at heat injection, Case 6. It can be seen that, independent of ground thermal
conductivity, only a small amount of energy can be extracted, at most around 100 MWh/year. The lower
retention of heat at the boreholes for a higher ground thermal conductivity is seen from the increasing
amount of energy that can be injected. In either case, however, temperatures at the borehole field,
given by GT2, Figure 17, are barely affected by the ground thermal conductivity. Presently, storage
temperatures above 40 ◦C are considered useful. If heat were extracted at lower storage temperatures
so that storage temperatures were not as close to the supply flow temperature at heat injection, Figure 5,
it is likely that the impact on heat extraction as a function of ground thermal conductivity would
be more significant. However, the results shown in Figure 16 support the concept of Başer et al. [5]
that a BTES system installed in unsaturated ground formations may achieve higher performances
than a BTES system installed in saturated ground formations, because of the lower ground thermal
conductivity of the former. It should be noted for the temperature graphs for May 15 in Figure 17 that
some heat is also injected between September 15 and May 15.
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From GT3, located 10 m from the storage border at a depth of 100 m, it can be seen how the increase
in temperature levels out with increasing ground thermal conductivity according to the logarithmic
behaviour of heat transfer taking place radially, which was an expected outcome. The reason that
around 170 MWh of heat could be extracted during the winter of 2014–2015 at a ground thermal
conductivity of 6 W/(m·◦C) in the model validation, Figure 8, is due to heat extraction in that case was
limited to the inner boreholes.

4.2.4. Useful Storage Temperature

Another key parameter for the performance of a BTES is the storage temperatures that are
considered useful. In Figure 18, the effect on annual injected and extracted energy and BTES efficiency
from minimum useful storage temperature is shown for the actual storage design and storage supply
flow at heat injection, Case 6. When the useful storage temperature is reduced to 35 and 30 ◦C, it is
predicted that 360 MWh/year and 800 MWh/year can be extracted respectively. In the latter case,
this means a BTES efficiency of around 30%. In both cases, it was noted that minimum useful ground
temperatures are reached before the end of the building heating season and that the temperature 10 m
from the storage border, given by GT3, peaks at 25 ◦C during the year. This means that all the energy
at the given heat extraction rate above 30 ◦C, until the date for which minimum ground temperatures
are reached, can be extracted and that most of the energy above this temperature is present within
the borehole field. The latter is also suggested by the almost linear relationship seen for extracted
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energy between 30 and 40 ◦C. Other operational conditions can be created by using a heat pump for
the extraction of heat, in which case it is possible to make use of stored energy down to the natural
ground temperature as well as continuing heat extraction in that state.

Figure 18. Annual injected and extracted energy (a) and BTES efficiency (b) vs. minimum useful
storage temperature for the actual storage supply flow at heat injection, Case 6.

5. Conclusions

In this study, the large-scale industrial BTES at Xylem, Emmaboda was modelled in the IDA ICE
4.8 environment using the GHX module and compared to three years of measured storage performance.
To describe the combined conductive and convective heat transfer in the ground, an effective ground
thermal conductivity was used, which was determined from measured storage data. The model was
then used to investigate the performance of the storage by changing such parameters as storage supply
flow characteristics at heat injection, borehole spacing and borehole depth.

The three-year comparison between the modelled and measured storage performance shows that
the performance of large-scale BTES with intermittent heat injection and extraction can be predicted
with high accuracy. These predictions differed little when the simulation time step was varied from
one hour up to four weeks regarding periods of heat injection only. However, a small time step was
necessary to accurately predict the periods including the intermittent heat injection and extraction.

From the parametric study, the following conclusions can be drawn:

• For the investigated storage supply flows at heat injection, 10–20 l/s and 40–80 ◦C, a high
temperature in the supply flow was more important than a high flow rate in order to achieve high
annual heat extractions

• For a BTES there is a borehole spacing and depth at which heat extraction is the highest, which
are possible to determine with the use of a numerical model such as the one used in this study

• Annual heat extraction quickly reduced as the spacing was decreased from the spacing yielding
the highest annual heat extraction, whereas the reduction in annual heat extraction was quite slow
when the spacing was increased from this point.

• Annual extracted energy was barely affected by a change in the effective ground thermal
conductivity. However, the impact of the effective ground thermal conductivity is likely to have
been greater at a higher temperature difference between the storage supply flow and the minimum
storage temperature considered useful.

• Annual energy that could be extracted from the storage increased almost linearly with a decrease
in the minimum storage temperature considered useful when the latter was decreased from 40 to
30 ◦C.
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