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ABSTRACT

The extraction of shallow geothermal energy using borehole heat exchangers (BHEs) is a promising
approach for decarbonisation of the heating sector. However, a dense deployment of BHEs may lead to
thermal interference between neighboring boreholes and thereby to over-exploitation of the heat ca-
pacity of the ground. Here we propose a novel method to estimate the technical potential of BHEs which
takes into account potential thermal interference as well as the available area for BHE installations. The
method combines simulation of the long-term heat extraction through BHEs for a range of borehole
spacings and depths and includes an optimisation step to maximise the heat extraction. Application of
the method to a case study in western Switzerland, from an available area of 284 km?, yields an annual
technical potential of 4.65 TWh and a maximum energy density of 15.5 kWh/m?2. The results also sug-
gest that, for a minimum borehole spacing of 5 m and a maximum borehole depth of 200 m, the cu-
mulative installed borehole depth should not exceed 2 km/ha. The estimated technical potential can be
used by urban planners for the techno-economic analysis of BHE systems and by policy makers to
develop strategies that encourage the use of shallow geothermal energy.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The heating and cooling of buildings represents one third of
Switzerland’s total energy demand. Roughly 75% of this energy is
supplied through fossil fuels, which account for 27% of the national
CO; emissions [1]. Replacing fossil fuels with renewable heat
sources can therefore reduce carbon emissions significantly. One
abundantly available source of renewable heat is low-temperature
shallow geothermal energy, which is defined as heat extracted from
the ground at a depth of <400 m that is used directly for heating
and cooling applications [2]. Ground-source heat pumps (GSHPs)
are one technology to extract this energy by combining borehole
heat exchangers (BHEs) with a heat pump (HP) [3]. As the ground
temperature at the depth of the BHEs is nearly constant throughout
the year, these systems have a high coefficient of performance
(COP) and may even be used in a bi-directional way for both heating
in winter and cooling in summer [4].

Despite its promising performance, a dense installation of
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GSHPs may lead to an over-exploitation of the heat capacity of the
ground, caused by the thermal interference between neighboring
boreholes [5]. This thermal interference and the available area for
the installation of BHEs limit the technical potential of GSHPs,
which is defined as the maximum annual heat energy that may be
extracted using GSHP systems [6]. To quantify the technical po-
tential of GSHPs, it is therefore crucial to account for the potential
over-exploitation of the heat capacity of the ground [7]. The esti-
mation should further be independent of the heat demand, for
example when assessing the possible use of shallow geothermal
energy in district heating networks. To support urban planners and
policy makers, the technical potential needs to be estimated at the
scale of entire regions, in order to highlight regional differences and
particularly suitable areas for BHE installation. Currently, no
regional-scale method exists to quantify a demand-independent
technical potential for GSHPs that accounts for both the potential
thermal interference and the available area for the installation of
BHE:s [8].

Instead of estimating the technical potential, most existing
regional-scale geothermal studies estimate the theoretical poten-
tial, defined as the physically available energy in a given ground
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volume [8]. Studies of the theoretical potential include the esti-
mation of ground temperature [9], heat capacity [10] and thermal
conductivity [11]. These parameters are mapped from the thermal
properties of the rock types [12,13], from 3D models of the sub-
surface [14], using kriging [15] and/or applying Machine Learning
algorithms [16]. Hydro-geological data may further be used to es-
timate the rate of groundwater flow (Darcy velocity), which can
have an important impact on the theoretical potential [17,18].
Several regional-scale studies quantify the extractable heat from a
single borehole, which is estimated using engineering norms [19],
simulation tools [20], or analytical models [21,22]. While these
studies highlight areas with a high potential, they neglect the
impact of the built environment and possible interaction and
interference between boreholes, which are the focus of this work.

The estimation of the technical potential, accounting for the
effects of a dense deployment of BHEs, requires the identification
of a suitable number of boreholes per unit area in addition to the
energy yield of individual BHEs. So far, this aspect has only been
considered at the scale of neighborhoods [6], districts [23] or
cities [24]. In these studies, a large number of BHEs with a
spacing of 6 — 7.5 m have been simulated, using a combination of
Geographic Information Systems (GIS) and analytical or empir-
ical models. The thermal interference between the BHEs at the
neighborhood scale is only taken into account by Miglani et al.
[6]. Neglecting thermal interference is only appropriate if the
BHEs spacing exceeds half the borehole depth [25]. Such dis-
tances have been used by [26,27]. While the proposed borehole
spacing of 6 — 7.5 myields an optimistic estimate of the technical
potential, a spacing of half the borehole depth leads to a con-
servative estimate. The impact of borehole spacing on the per-
formance of GSHPs has been studied conceptually for a fixed set
of BHE configurations [28,29] and for BHEs in an infinite regular
grid [5,30]. The performance drop as a result of closely spaced
BHEs has been simulated so as to optimise the arrangement of
BHEs in a single field [31] and to compute the maximum
acceptable power in the proximity of existing installations [32].
To the best of our knowledge, these concepts are yet to be applied
to study areas beyond neighborhood scale.

In this study, we quantify the effects of thermal interference
between boreholes on the technical potential of GSHPs at the
regional scale. In particular, we assess the impact of the built
environment, the spacing between boreholes and the borehole
depth on the maximum extractable heat. For the first time, we
simulate the thermal interference between BHEs for a range of
borehole spacings (5 — 100 m) and depths (50 — 200 m) at regional
scale. Based on the simulation results, we propose an optimal
arrangement of boreholes that maximises the technical potential
while assuring a reasonable heat extraction power. In the paper, we
consider only vertical closed-loop GSHP systems because these are
the most commonly used systems in Switzerland [33]. The present
study focuses on heat extraction from the ground and does not
consider possible re-charging of the ground with heat from excess
solar thermal generators or space cooling during hot summer days.
The technical potential estimated here should therefore be regar-
ded as conservative. The proposed method is applied to two can-
tons (Geneva and Vaud) in western Switzerland with over 80,000
parcels, each representing one property unit. The results yield a
first regional-scale estimate of the technical potential of GSHPs in
the two cantons.

2. Methods and data
The proposed method to quantify the technical potential of

GSHPs combines (i) GIS processing for the virtual installation of
BHEs for various density scenarios, where each scenario is defined
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by a different spacing between adjacent BHEs, (ii) analytical
modelling of the borehole thermal response and its effect on the
heat extraction power and the energy potential of the BHEs within
each parcel and (iii) an optimisation step to maximise the energy
potential of each parcel while assuring a minimum heat extraction
power (see Fig. 1). The technical potential represents the annual
heat energy that can be extracted from all the BHEs, such that their
long-term operation is assured. We use a planning horizon (t4;,) of
50 years as suggested by the geothermal norm of the Swiss society
of engineers and architects (SIA) [34]. The SIA norm defines the
requirements for the dimensioning of shallow GSHPs in
Switzerland and sets the technical framework for our work.

2.1. GIS processing for identifying potential BHE arrangements

To estimate the number of BHEs and their location for different
scenarios of installation density, we propose a two-stage GIS-based
approach. In the first stage, we estimate the available area for the
installation of BHEs within each parcel. In the second stage, we
virtually install BHEs on this available area for each scenarios of
installation density, yielding a set of borehole fields.

To quantify the available area for the installation of BHEs, we
combine parcel boundary data with building footprints and other
artificial and natural landscape features, obtained from a Topo-
graphic Landscape Model (TLM). All parcels containing at least one
building within their boundaries are considered. Parcels without
any building inside are neglected, as these parcels neither create a
demand for heating nor do they provide any infrastructure to install
a GSHP system. From the selected parcels, we remove any built-up
areas, such as building footprints, roads, railways, traffic-related
areas (e.g. parkings, airports) and leisure zones (e.g. sport facil-
ities). A buffer of 3 m is removed around all parcels and buildings to
assure the minimum distance from a BHE to any building or parcel
boundary as specified by the SIA [34]. We also exclude natural and
artificial surface water bodies, natural habitat such as forests and
wetlands, and protected areas such as national parks. Fig. 2 shows
an example of the excluded objects and the available area within
each parcel (blue shading).

To virtually install BHEs on the available area for all density
scenarios, we arrange them on a rectangular grid with varying
borehole spacing B. The lower bound for the spacing (B, ) is given
by the SIA norm as 5 m [34]. The upper bound Bpgx equals half of
the maximum borehole depth Hpgy, as interactions between BHEs
with a spacing exceeding half the borehole depth are small [25]. As
thermal interference decreases logarithmically with borehole
spacing [35], we choose the density scenarios to resemble such a
pattern (see Table 1). The virtual installation of BHEs for two
example scenarios (B =5 m, B =25 m) is shown in the bottom left
part of Fig. 2. The available area within each parcel yields the
separate borehole fields.

2.2. Analytical model for quantifying the heat extraction potential

The analytical model introduced by Eskilson [35] is used to
simulate the borehole thermal response and to derive the heat
extraction potential of each field of BHEs. As the thermal response
describes the thermal resistance of a BHE as a function of distance
and time, it allows to quantify possible interaction effects between
nearby boreholes. The model represents each BHE as a Finite Line
Source (FLS), from which energy is extracted by conductive heat
transfer. Additional heat transfer from groundwater flow is
neglected in the model, which may result in some differences be-
tween the estimated and the real technical potential. The simula-
tion of the heat extraction potential requires three types of inputs,
namely (i) ground data, (ii) technical parameters and (iii) design
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Fig. 1. Workflow for modelling the technical potential of GSHPs.
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Fig. 2. Sample map showing the parcel boundaries, the available area and the excluded areas according to the Topographic Landscape Model. At the bottom left, the virtual
installation of BHEs is shown for two example scenarios (BHE distances B = 5m, B = 25m) for the area inside the red box. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

variables. The ground data are the thermal conductivity (1), the
thermal diffusivity (o), and the undisturbed ground temperature
(Tg), which is computed at any depth z from the annual mean
surface temperature (Ty) and the temperature gradient (6T/ dz) as
[34]:

Tg(z)=T0+z><g—Zfl°C (1)
where the 1° Cis a tolerance that is subtracted to account for un-
certainties in the estimation of Ty. The A and o have been derived
from 3D models of the subsurface for various depths [36,37], Ty has
been estimated from measurement data [16] and 6T/ 6z is constant
(see Table 1).

The technical parameters include the borehole thermal resis-
tance (Ry), the borehole radius (r,) and the annual operating time of
the BHEs (top), defined as the typical number of full-load hours of a
heat pump at a given altitude [34]. The design variables are the free
parameters in the dimensioning of BHEs and must be selected in
order to maximise the technical potential. These are the borehole
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depth (H), the borehole spacing (B) and the heat extraction rate
(qmax)- A complete list of all parameters, their units, values/ranges
(for spatially varying data) and sources is provided in Table 1.

To compute the annual extractable energy for a BHE field (Qpeiq),
Eq. (2) is used [25]:

Qfietd = qmax % top x H x Np (2)
where N is the number of BHEs in a field with spacing B. All Ng
BHEs within one field are assumed to have an equal H and @pqx. As
our definition of the potential is independent of the heat demand,
we aim to find gmgx for a given H and Np. To obtain gmax, we follow
the standard design procedure for geothermal installations
[25,38,39]. According to this procedure, GSHP systems for heating
are designed such that the mean temperature of the heat carrier
fluid (Ty) inside the borehole remains above a minimum value
Tinf min» given as —1.5° C in the norm [34], throughout t4;,. Rear-
ranging the expression for Ty min, We compute gmgx for each BHE
field and each given B and H as shown in Eq. (3) (cf [25]):
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Description of variables and parameters used in this work. The ground data and Hp,qx are specific for the case study area and will be detailed in Section 3. Values in brackets

represent averages across the study region.

Type Symbol Unit Description Value/range Source
Ground data A W/mK Thermal conductivity 1.6 -3.0(2.4) ASIT-VD [36], SITG [37]
o um?/s Thermal diffusivity 0.6-1.4(1.1) ASIT-VD [36], SITG [37]
To °C Surface temperature 8-11(104) Assouline et al [16].
0T/oz K/m Temperature gradient 0.03 SIA norm [34]
Technical parameters Tinf min °C Minimum fluid temperature -15 SIA norm [34]
tdim a Planning horizon 50 SIA norm [34]
top h Annual operation time 1800 — 2000 (1830) SIA norm [34]
T m Borehole radius 0.065 Perego et al. [13], Miglani et al. [6]
Rp mK/W Effective borehole resistance 0.15 Rivera et al [5].
Whad.max — Maximum HDD weight 0.16 — 0.20 (0.19) Eq. (6), Appendix B
Design variables Gmax W/m Maximum heat extraction rate Target variable
H m Borehole depth {50, 100, 150, 200} Derived from [36,37]
B m Spacing between BHEs {5,7,10,15,20,25, 30,40,50,70,100} Derived from Hpax[25]
Optimisation constraints GQnom W/m Nominal heat extraction rate 30 — 45 (41.5) SIA norm [34]
Hmax m Maximum borehole depth Permitted: 200 Derived from [36,37]
Limited: 150
Outputs Ng - Number of boreholes per field f(B) Section 2.2
Qfield Wh Extractable energy of BHE field f(H,B) Eq. (2), Section 2.2
Hopt, Bopt m Optimal borehole depth, spacing €H,B Section 2.3
Qpot Wh Technical potential Qfieta(Hopt, Bopt) Eq. 9, Section 2.3
“““““““““““““““ [ Wy, (monthly) 1
H _ )
Tg (7) = Tinf min x 7 Mias SN0
qmax = — (3) s 0-41
W<RLT(rba H) + Rpeiq(B, H)) + WseasRseas + Rp S g
Q
€03 :
where Ty is given in Eq. (1); Tyf min is constant (Table 1); w is the gn;’ ’
annual mean load of the GSHP system (as fraction of the full load), o
and is given by W = top/(365 x 24 h); Ryt is the long-term thermal é 0.2 ~""""""7 TP it b Sl ity i i Vi ittt
resistance of a BHE (Appendix A), computed at the borehole wall, <
i.e. ataradial distance ry, (Table 1); Rgeiq (Eq. (4)) is the average long- 2
. 1 =
term thermal resistance of a BHE field; Wseqs (Eq. (5)) and Rseqs 0.1
(Appendix A) are the seasonal mean system load and the seasonal
thermal resistance, respectively; and R, the borehole thermal 0.0 :
resistance, is constant (Table 1). The expressions for R;t and Rgegs, g & ¥ 3 &8 §5 © L 58 3 5 3
< ) o = o = = < = =

which depend on A and «, are provided in Appendix A.

According to the superposition principle [35], the long-term
thermal resistance of BHEs in a field may be estimated by sum-
ming the R;r at each r;g < H, where r;p is the distance to the jth
nearby BHE for a scenario B. For any r > H, there is a negligible effect
on the thermal response [25]. The Rgq is the average thermal
resistance for Ng BHEs in a field, given by:

Ng
> > Rur(rig.H) (4)

i=1rig<H

1
Rfie1a(H, B) ~Np

To limit the number of possible combinations of B and H, we
assume that the BHE spacing and depth within a field equals that of
all neighboring fields within a radius of H. We further assume the
ground data to be constant within each field, which holds for over
99% of the cases.

The effect of the seasonal variation of the GSHP system load on
Qmax 1S modelled as the maximum of a sinusoidal heat extraction
with a periodicity of 1 year and an amplitude wseqs (cf [25]). We
derive wseqs from the Heating Degree Days (HDD) describing the
monthly heating profile of a given location. As Fig. 3 shows, the
monthly mean GSHP system load wy; (blue bars, as fraction of the
full load), weighted by the HDD, resembles a sinusoid super-
imposed on w (red line). We thus propose here to approximate
Wseqs Dy subtracting w from the mean system load in the month
with the maximum heating demand (typically January in
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Fig. 3. Example of the monthly mean GSHP system load (W, blue bars, as fraction of the
full load) and its sinusoidal approximation (W + Wseqs sin(t), red line), based on the
HDD of a representative location for western Switzerland (weather station of Pully)
with a heating season of ~ 6 months. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Switzerland):
Wseas = W, Xl})ip_w (5)
hddmax = 31« 24h
where Wpgq max is the highest relative HDD, defined as:
HDD
Whdd,max = 1.05 - (6)

S"HDD

HDDnqy is the maximum monthly HDD, >~ HDD is the annual sum,
and a buffer of 5% (hence the factor 1.05) is multiplied with this
ratio to avoid an underestimation of Wygg ;ax- The computation of
the HDD from the ambient air temperature is detailed in Appendix
B.

2.3. Optimisation

The aim of the optimisation is to select, for each BHE field
separately, the borehole density Bop: and borehole depth Hop: that
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maximise Qgelq, yielding the technical potential Qpoc. This optimi-
sation is constrained by two factors: the maximum BHE depth Hpax
and the minimum heat extraction rate g,;;,. The Hpmax is limited by
local conditions and regulations (see Section 3.2). The gy, repre-
sents a proxy of the economic feasibility of a GSHP system. We
propose to derive q,,;, from the nominal heat extraction rate qnom,
which represents current installation practices. Using the data
provided in the SIA norm, gnom can be approximated as [34]:

Tg - Tmf.,min
11.5 7
To soften this constraint, we set g, at 80% of qnom, Which
corresponds to the expected power loss for domestic installations
with multiple BHEs under the given operating conditions [34]. The
optimisation problem may hence be formulated as:

qnom =

(10.61+11.2+2(§—2))

(8)

QPOT = ITB}?_IX %eld subject to H < Hmax, qmax > 0.8 Gnom

3. Case study

To demonstrate the performance of the proposed method at
regional scale, we apply it to the cantons of Vaud and Geneva in
Switzerland. The selected cantons are well-suited for this study as
they consist of both urban and rural zones, already contain a large
number of BHEs and offer high-resolution landscape data as well as
geothermal cadastres with information for the planning of GSHP
systems. Furthermore, the annual heat demand for the cantons is
available from Schneider et al. [40] at a pixel resolution of 200 x
200 mZ2. This data is used to assess potential surpluses or deficits of
geothermal heat generation. For this assessment, we assume that
all GSHPs are sized appropriately and have a coefficient of perfor-
mance (COP) of 4.5 as suggested by Galgaro et al. [20].

The case study covers a surface of around 1600 km?2 in the
western part of the Swiss plateau that contains over 250,000
buildings. Its largest cities are Geneva and Lausanne at the borders
of Lake Geneva (see Fig. 4a). Geologically, the plateau is situated in
the alpine Molasse Basin between the Jura in the north and the
Prealps in the south. Its shallow subsurface (<400 m) consists
primarily of a layer of unconsolidated Quarternary deposits, with a
thickness of 0— 150 m, which is located on top of the clastic
sedimentary rocks of the Swiss molasse [41].

3.1. Landscape data

The TLM used in this work is obtained from the Swiss Office of
Topography (swisstopo) [42] and contains a detailed 3D represen-
tation of various landscape objects in vector form. It has an accuracy
of 0.2 — 1.5 m for well-defined objects such as roads or buildings,
and of 1 — 3 m for other landscape features such as forests [42]. To
account for the inaccuracies of the TLM, we apply a tolerance buffer
of 1 m to all objects listed in Section 2.1. Additionally, roads and
railways are buffered by their widths. The parcel boundaries are
vector representations of the official mensuration data for around
100,000 property units, obtained from the cantonal geoinformation
services of Vaud (ASIT-VD) [43] and Geneva (SITG) [44].

3.2. Ground data

The geothermal cadastres, provided by ASIT-VD [36] and SITG
[37], contain information on (i) restriction zones for geothermal
installations within the case study area, (ii) thermal ground prop-
erties, and (iii) over 4400 existing installations with ~ 10,800
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BHEs. The restriction zones are divided into three categories, shown
in Fig. 4a, which indicate whether the installation of BHEs is
permitted, limited, or prohibited. Prohibited zones are excluded
from the study. The permitted and limited zones are overlaid with
information from existing installations to derive Hpqx, as no data on
the allowed drilling depth is available. Based on these consider-
ations, we choose Hpmgy as the 75t percentile of the depth of the
existing BHEs, yielding values of 200m and 150 m for the
“permitted” and “limited” zones, respectively.

The ground data provided in the cadastres include the thermal
conductivity (A) and the heat capacity (pC, Geneva only), from
which the diffusivity is obtained as a = 1/pC [25]. The X and pC are
computed as the average of the ground properties of each rock layer
weighted by its thickness, which is given by 3D models of the
subsurface [45]. The ground data exists for depths in the range of
50 — 300 m as pixels of 50 m spatial resolution in all 3 dimensions.
Constrained by this spatial resolution and Hja, we obtain four
scenarios for the borehole depth H (see Table 1). To obtain A and pC
for all scenarios of H in the entire study region, we compute any
missing values as weighted averages using tabulated data [34,45].
The resulting maps for A and a for a borehole depth of H =100 m
are shown in Fig. 4c and d.

The data for Ty has been provided by Assouline et al. [16] for
pixels of 200 m resolution. The data is estimated from ground
measurements using Machine Learning [16]. To minimise the
impact of the built environment on these measurements, we use
the annual average ground temperature at a depth of 1 m. Its
interpolated values at the resolution of A and « is shown in Fig. 4b.
The temperature gradient in the Swiss plateau is approximately
constant at 0.03K/m [34].

4. Results
4.1. Available area and borehole fields

The application of our method to the case study region in
western Switzerland suggests that an area of 284 km? may be
available for the installation of BHEs on 80,000 of the 100,000
parcels (property units). The percentage of available area varies
widely within the case study region, as the aggregation of the
parcels to pixels of 200 x 200 m? shows (Fig. 5). The available area
is small in dense urban areas, particularly at the borders of Lake
Geneva, and drops below 10% in the city centers of Lausanne and
Geneva. In rural areas, the spread is much larger, varying widely
between nearly 0% and 100%. This is due to the fact that rural
parcels are spaced far apart and may cover multiple pixels.

The results yield BHE fields for each density scenario B (see
Table 1), an example of which (B = 7 m) is shown in Fig. 6a. This
scenario equals the current recommendations for the distance be-
tween BHEs [6], but it results in unrealistically high numbers of
BHEs in large fields. Borehole spacings of around H/2 (B = 50 —
100 m), on the other hand, represent conservative scenarios that
leave many fields unused.

4.2. Thermal resistance of interacting boreholes

The simulation results show that the thermal resistance Rgeg,
representing the interactions between boreholes, varies with the
parcel shape and size. As the thermal resistance decreases loga-
rithmically with distance to a borehole, the average Rg,4 is strongly
influenced by the average number of immediately neighboring
BHEs within a parcel. Consequently, large fields have a higher Rg4
than small or oddly shaped ones (see colour gradient in Fig. 6a for
B = 7m, H = 50 m). In particular, Rgq is small in fields located
next to roads or other unavailable areas, where no BHEs can be
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Assouline et al. [16], ¢) Thermal conductivity (1) and d) Thermal diffusivity («.) derived from the geothermal cadastres [37,43]. Grey zones are outside the study area.

100
80 &
©
o
©
o
60 2
®
>
A ‘E
(o]
/ t40 o
(o))
i
=
(0]
o
20 §
o
0

0 10 20

30km

Fig. 5. Percentage of available area for pixels of 200 x 200m?, obtained as the sum of
the available area of all parcels within a pixel, relative to the pixel area of 40,000m?.
The inset (i) shows a zoom into the area around Lausanne.

374

installed (white spaces in Fig. 6a). The relationship between Rgq
and the borehole spacing also causes R4 to fall steeply as B in-
creases, for any H (see Fig. 6b). Fig. 6b further shows that Rgq in-
creases non-linearly with H, which means that decreasing H
reduces interactions between BHEs. For H = 50 m, Rgeq drops
below the long-term resistance of the BHE itself (R;1, dashed line)
near B = 11.5 m, at which point the field resistance is no longer
dominating the long-term effects, and flattens out near B = 25 m.
The same behaviour is found for H > 100 m, but at spacings of 20 m
and 50 m, respectively.

4.3. Optimisation and trade-offs

The optimisation yielding the technical potential Qpo¢ requires a
trade-off between the heat extraction rate qmqx and the extractable
energy Qgelq, Which is shown in Fig. 7. It indicates that gmax (Fig. 7a)
increases with borehole spacing B for all borehole depths H, while
Qfietq (Fig. 7b) decreases with B due to a lower number of installed
BHEs (Npg). Notably, gmax decreases with H for low B, but shows the
opposite behaviour if B is high. The former is due to the lower R
of shallower BHEs (see Fig. 6b), while the latter is driven by a higher
ground temperature at higher depths. The intersection of gmax With
the thresholds of 80% of gnom (dashed lines in Fig. 7a) suggests that
the average Bop: (dots) lies between 10 — 20 m, very close to the
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Fig. 7. Heat extraction rate gmax (a) and the corresponding extractable energy Qg (b)
as a function of B and H. The lines show averages across 90% of the fields, excluding the
lowest and highest 5t" percentile. The dots in both figures indicate the intersection of
Qmax With 0.8 gnom, the minimum accepted operating power for each H shown as
dashed line in (a).

intersections of Rgeq With Ry (see Fig. 6b). The higher gmax for low
H may in some cases outweigh the greater BHE depth, as the lower
Rgelq of shallow BHEs allows for a lower B. On average, this yields an
equal potential for H= 50 m and H = 100 m, and it may result in
Hopt < Hmax in the optimisation.

The Bopr and Hope resulting from the optimisation are shown in
Fig. 8, averaged for each pixel of 200 x 200 m?. The average Bopt
ranges from 5 — 10 m in urban areas to 30 — 40 m in rural areas,
where many large fields are located. As large fields have, on
average, a higher Ry than small fields (see Fig. 6a), a higher
spacing Bop: is required to fulfill the optimisation constraints. The
Hopt is close to the maximum value of 200 m in the “permitted”
zone but varies between 50 — 150 m in the “limited” areas. As
Hmax = 150 min the “limited” zone, the benefits of a relatively high
gmax frequently outweigh the additional energy gain from a higher
H (see Fig. 7).

The results further indicate that the optimal number of installed
BHES (N opt, i.€. Ng at B = Bop ) decreases with Hop, as deeper BHEs
frequently require a higher spacing to fulfil the optimisation con-
straints. As Fig. 9 shows, the maximum Np o, (blue line) decreases
from 40 BHEs per hectare (corresponding to an average Bop: of
15 m) for the shortest probes to 10 BHEs (Bopt = 30 m) for Hopt =
200 m. By contrast, the maximum cumulative BHE depth per
hectare (red line) is approximately constant with Hop, at just below
2km/ha given a minimum borehole spacing of 5m and a
maximum depth of 200 m. These findings suggest that the cumu-
lative installed borehole depth per hectare may more suitable for
constraining the dense deployment of BHEs than a minimum
spacing between adjacent boreholes.

4.4. Technical geothermal potential

The technical potential (Fig. 10) yields an annual total of
4.65TWh for all parcels, or 16.4 kWh/m? of available area
(284 k m?). Most of the parcels (~ 60%) are fitted with one or two
BHEs, frequently in gardens of private properties (see Fig. 10a).
Those of a shallow depth (< 100 m) yield less than 15 MWh, while
deeper BHEs, > 150 m, may provide up to 35 MWh per field. How
boreholes are arranged in larger fields (> 2 BHEs) depends on the
shapes and sizes of the fields. For example, narrow fields have a
small thermal influence from adjacent BHEs, which results in a
maximum potential for shallow and closely spaced (here 10 m)
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Fig. 8. a) Optimised borehole spacing Bop: and b) borehole depth Hop, both averaged across all BHEs within each 200 x 200m? pixel. The value for Bopt accounts only for those fields

with more than one BHE and represents the average per available area.
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Fig. 9. Optimal number of boreholes (Np ) per hectare for all 200x 200m? pixels
(dots). The blue line marks the 99" percentile per average depth Hope (10m bins). The
red line shows the corresponding cumulative installed BHE depth, given by Ng g, x
Hopt (right axis). The normalization per hectare is chosen for reasons of interpretability.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

boreholes. The influence of surrounding BHEs is highest for fields of
rectangular shape, leading to a larger spacing (here 30 m) and the
maximum depth. Few parcels (~ 2%) are very large and may fit
more than 60 BHEs, which exceeds the maximum existing field size
in the region. If all fields are capped to this value, the annual po-
tential reduces to 4 TWh.

The variation of the energy density, defined as the technical
potential per unit area (Fig. 10b), ranges from 2 kWh/m? to
15.5 kWh,/m?2. The highest energy density is found in the urban and
suburban areas at the borders of the lakes of Geneva and Neuchatel
(~ 30% of available area) and in rural areas with an available area
percentage near 100%. In the city centers of Lausanne and Geneva,
the energy density is low despite the high H and low B, as the
available area is small ( < 10%). Furthermore, the area in the north-
east of Lausanne is characterised by a lower potential. This zone has
a lower surface temperature (see Fig. 4b), which reduces the total
allowed temperature drop.
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In contrast to the technical potential, the energy demand is
strongly concentrated in urban areas and exceeds 1 MWh/m? in
the centers of Lausanne and Geneva, as shown in Fig. 11a. This leads
to a large local energy deficit in these areas (Fig. 11b), where
complementary sources of renewable heat are indispensable. In
most rural areas, however, the energy demand can be covered fully
by the geothermal potential, and partially excess generation may be
possible.

4.5, Sensitivity analysis

The sensitivity analysis of the main input parameters (A, a, T,
0T /0z, top, Ty, Ry) suggests that the energy potential of individual
fields is, on average, most sensitive to Ty and A, followed by top and
Ry, (see Fig. 12a). Accounting for the regional variation of these
parameters (except R,) with the highest possible accuracy is thus
essential for a realistic potential estimate. Furthermore, the esti-
mation is sensitive to uncertainties in these values, which may arise
from small-scale deviations and measurement errors, as well as
from parameter variations due to different technologies and oper-
ation strategies. The sensitivity of a, r, and 6T /0z is low, so the use
of standard values from the literature is justified.

The results are exploratory and aim at providing an indication of
the importance of each parameter on the technical potential. The
change in Qgeyq is obtained by varying each parameter separately
around the average input data (see Table 1) and for the average BHE
arrangement (H = 150 m, B = 20 m, 8 neighboring boreholes).
While Fig. 12a shows the average sensitivity of Qg4 in the context
of this case study, the results depend on the exact borehole ar-
rangements and operation strategies.

The technical potential of GSHPs is further sensitive to the
selected optimisation constraints, namely g,,;, (percentage of ¢nom)
and Hpgx. As Fig. 12b shows, the total technical potential decreases
linearly with g, and increases over-proportionally with Hpgy,
following the results from Fig. 7. The Qpor may hence be increased
by accepting a lower minimum operating power or by increasing
the maximum drilling depth. Doubling the potential for the given
Hmax (dashed line in Fig. 12b) would for example require dropping
Gmin to only 50% of gnom. Notably, the impact of Hpax on Qpor de-
creases with q;; and becomes insignificant when q,i; = Gnom, as
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the BHE arrangements converge to H = 50 m, B = 25 m beyond
100% of qnom-

5. Discussion
5.1. Methodological contribution

Here we propose a novel approach for estimating the technical
potential of GSHPs at regional scale, taking into account the avail-
able area for the installation of BHEs as well as the thermal in-
teractions between boreholes. The strength of our method lies in
the combination of GIS and analytical modelling to simulate the
potential effects of a dense deployment of BHEs for multiple sce-
narios of borehole spacing and depth. As we derive the energy
potential for each scenario from the maximum operating power
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under current installation standards, the estimation is independent
of the energy demand. The scenarios provide insights into the
trade-off between energy and operating power, which is exploited
in an optimisation step to suggest an optimised arrangement of
BHEs for each individual parcel. The spatial resolution of individual
parcels allows to assess the impact of parcel shape, size and loca-
tion on the technical potential, while the regional scale of the study
highlights variations of the technical potential in urban and rural
areas.

5.2. Practical implications

The case study in western Switzerland yields several practical
contributions for a potential dense deployment of geothermal heat
pumps. Firstly, we provide a regional-scale dataset of a technical
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potential of GSHPs that accounts for interactions between bore-
holes and yields a potential of 4.65 TWh on an available area of
284 km?2. Secondly, the aggregation to pixels of 200x 200 m?2
highlights regional variations in the potential, which reaches up to
15.5 kWh/m?2. According to our estimation, the potential is great
enough to satisfy the heating demands in most rural and suburban
areas but it is insufficient in urban centers, where complementary
heat supplies would be needed. Thirdly, our analysis suggests that
the cumulative installed borehole depth is a good indicator for the
exploitation of the thermal capacity of the ground. In this case
study, which assures at least 80% of the nominal operating power
for potential installations, the upper limit of cumulative depth is
about 2 km/ha given a minimum borehole spacing of 5 m and a
maximum depth of 200 m.

5.3. Limitations

As any study estimating a technical potential of GSHPs, the
present work is subject to uncertainties related to the modelling
approach and the data. The primary source of uncertainty is related
to the ground thermal properties (4, «), as the underlying 3D sub-
surface models are regional models and may deviate from
measured thermal properties in some locations. Such local de-
viations can only be assessed through test drillings.

This work is limited by some assumptions: (i) the entire avail-
able area is considered suitable for installing BHEs. In practice,
alternative uses of the subsurface such as utility lines, subways or
tunnels may reduce the available area for geothermal installations
[46]. (ii) All BHE arrangements are based on rectangular grids
covering the full area. The BHE arrangements suggest borehole
numbers and depths that maximise the energy potential in the
context of a dense deployment of BHEs, and do not represent
installation recommendations for specific parcels. (iii) We focus on
the technical aspects limiting a dense deployment of BHEs. Other
aspects, such as environmental consequences due to cooling of the
shallow subsurface, are not addressed here. (iv) We do not consider
additional heat transfer from groundwater flow, which may impact
the technical geothermal potential. (v) More specifically, we only
consider heat extraction for space heating, which is the dominant
use of GSHPs in Switzerland. The estimated potential may increase
if excess heat, for example from space cooling, is re-injected into
the ground, as that would partly recharge the ground with heat. For
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countries with similar yearly temperatures as Switzerland or lower,
the amount of heat re-injected into the ground during the
comparatively short hot summer periods is likely to be small in
relation to the heat extracted from the ground during the much
longer cool winter periods. The details of this impact will be
explored in a future work.

As this work is, to the best of our knowledge, the first of its kind
in the case study area, a frame of comparison is lacking. While the
quality of the ground data may be assessed from thermal response
tests, a validation of the thermal interference between boreholes is
only possible for individual case studies that already exhibit a high
density of BHEs. The relevance of such a validation approach
however is limited, as real installations are dimensioned to satisfy a
given demand, while this work is aimed at estimating the
maximum possible energy generation.

5.4. Applications and future work

Applications for a regional-scale estimate of the technical po-
tential of BHEs include the support of policy making, urban plan-
ning and the development of a framework for the regulation of new
installations. As part of their renewable energy strategies, policy
makers may provide financial support mechanisms for businesses,
homeowners and energy providers to invest in GSHPs, knowing
that these may cover significant fractions of the heat demand in
suburban and rural areas.

Urban planners can use the results (i) to estimate the potential
of GSHPs in any neighborhood in the study region, (ii) to assess the
potential of district heating networks for transporting heat from
areas with surplus generation to those with a deficit and/or (iii) to
perform techno-economic analyses that compare GSHPs to alter-
native heat sources. Local authorities may use the outcome from
the proposed method to explore the limiting factors for a dense
deployment of BHEs and to formulate guidelines to avoid an over-
exploitation of the ground.

Future work will aim at the estimation of a technical geothermal
potential at country scale. This may be achieved by applying sta-
tistical methods such as Machine Learning, which have been used
successfully to estimate the theoretical geothermal potential at
national scale [16]. To further develop the proposed method,
several limitations may be addressed, including the modelling of
the additional heat transfer from groundwater flow, a systematic
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quantification of the uncertainties related to the data and the
modelling approach and the impact of an active regeneration of the
ground on the geothermal potential in dense urban areas.

6. Conclusion

This work presents an estimation of the technical geothermal
potential from shallow ground-source heat pumps for individual
parcels at regional scale. We define the technical potential as the
maximum thermal energy that can be extracted from vertical
borehole heat exchangers installed on all the available surface area,
such that these can be operated with at least 80% of the recom-
mended operating power. The proposed method combines the
ground thermal properties, the available area for borehole instal-
lation and the technical model of borehole heat exchangers and
focuses on quantifying the thermal interference between bore-
holes, which has not previously been assessed at the regional scale.

The results provide a first estimate of the technical potential of
borehole heat exchangers for a case study area in western
Switzerland. This estimate suggests that borehole heat exchangers
may provide sufficient energy to cover the heat demand of most
suburban and rural areas, while the potential is insufficient in
dense urban centers. Urban planners can use this data to assess the
techno-economic aspects of a dense deployment of borehole heat
exchangers. Our findings further show that the cumulative installed
borehole depth may be a suitable parameter to assess a potential
over-exploitation of the heat capacity of the ground. This work can
contribute to the development of decarbonisation strategies for the
heating sector in Switzerland by quantifying the potential for a
renewable heat generation from shallow geothermal energy and by
highlighting areas where complementary heat sources are needed.
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Appendix A. Analytical models for thermal resistance

This section provides the formulas for the long-term and sea-
sonal thermal resistance used in this work, based on the data from
Table 1. For details regarding the underlying analytical models,
please refer to Ref. [25]. For the long-term thermal resistance (R;7)
we apply the finite line source (FLS) model, which is commonly
used to simulate interactions of BHEs [5,6]. To compute the mean
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R;7 along the borehole length at a radial distance r from the BHE,
we have implemented an efficient solution for the integration of
the FLS model along the vertical axis proposed in Ref. [47]:

J ) e—rZSZIls(Hsv Ds)

4mA ds

Ryr(r,H) 2 (A1)

1
dat

where
Iis(h,d) =2 ierf(h) + 2 ierf (h + 2d) — ierf (2h + 2d) — ierf(2d)

X

ierf(x) = J erf(u)du = x erf(x) — \/LTT (1 - e"‘2>
0
2 1 e
erf(x) = —=|e *du
2]

and t equals the planning horizon t ;. D is the distance between
the BHE outlet and the ground surface, which is set to D =2 m as
suggested in Ref. [25]. To compute R;; for many BHE fields with
large numbers of BHEs, the integrand in Eq. (A.1) has been pre-
computed for all combinations of « and r, exploiting the geomet-
rical properties of the BHE arrangement in grids.

The maximum of the seasonal thermal resistance (Rseqs) at the
borehole wall (r = r,), modelled as sinusoidal heat extraction with
a period (tseqs) Of one year, is given by Ref. [48]:

Rseaszﬁ\/(ln@/rpb’) - 7)2 +772/16

where

(A2)

oy = rb\/f/5<0.1
0= \/ Qlseas /™

and vy is Euler’s constant (0.57221...) and d is the penetration depth.
As 3 lies below By, Rseqs is independent from surrounding BHEs.

Appendix B. Heating degree days (HDD)

The HDD is defined in the norm SIA 2028 as the sum of the
heating degrees for each month m, averaged across 20 years, such
that [49]:

20 dn
2170 > (20 —Tw(d,m,y)) VTm(d,m,y) <12°C.
y=1 d=1

HDD =

(B.1)

where d;; is the number of days of each month and Ty, is the daily
mean temperature on day d in month m of year y. We use gridded
daily temperature data from MeteoSwiss [50] for the years of
1991 — 2011 to compute the monthly HDD, which we spatially
interpolate to a resolution of 200 x 200 m?2.
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