EMPA20160709
19. Status-Seminar «Forschen für den Bau im Kontext von Energie und Umwelt»

Assessment of the ground source heat potential at building
level applied to an urban case study
Authors:
Miglani S., Orehounig K, Carmeliet J.,
Contact person:
Somil Ajit Miglani,
ETH Zurich, HIL E47.2, Stefano Frascini Platz 5, Zurich, CH 8032
miglani@arch.ethz.ch
Webpage: http://www.carmeliet.arch.ethz.ch/People/Miglani
Abstract

Zusammenfassung

Ground source heat pumps (GSHPs) are gaining popularity as urban energy systems move towards
decentralization. As compared to the ambient air temperature, the ground remains at a higher
temperature during the winter, and at a lower temperature during the summer, which makes GSHPs an
ideal choice for both heating and cooling. The calculation of the amount of ground heat which is
available for the design of borehole fields is a key input to perform an energy balance of a building and
to effectively install GSHPs. Besides the net heating/cooling demand of the building, the design of
GSHPs requires the ground properties and the type of technology employed. The installation of multiple
GSHPs within the larger context of an urban energy planning exercise is however a challenging task,
due to the influence of neighbouring buildings and cooling of the ground due to extensive heat
extraction. Within the present study a GIS based workflow is developed for the design and spatial
arrangement of boreholes for single buildings in a large urban area. The methodology is applied to a
part of a district of Zürich city, called Altstetten, with approximately 170 residential buildings. The model
takes as input the hourly net heating and cooling energy demand of each building. The heating energy
demand includes space heating and domestic hot water requirements. The spatial variation of ground
thermal properties and the spatial drilling depth restrictions by law are taken into account in the
modelling process in the form of spatially differentiated GIS layers. A detailed thermal model based on
the Eskilson’s g-functions is used to calculate the appropriate length for different values of the
separation distance. The long term effects of cooling of the ground due to the heat extraction from the
borehole is important for a sustainable operation of the system. These effects are modelled within the
design procedure. The model also evaluates the operation of the GSHPs and the actual heat potential
available for each building is derived. This study provides a general modelling technique which can be
implemented in any GIS platform to outline the available GSHP potential for the respective urban area.
It also demonstrates the developed method through its application on a large scale case study.
Durch ein vermehrtes Aufkommen dezentralisierter urbaner Energiesysteme gewinnen
Erdwärmepumpen an Popularität. Im Vergleich zur Umgebungstemperatur befindet sich das Erdreich
im Winter auf einem höheren und im Sommer auf einem tieferen Temperaturniveau, weshalb
Erdwärmepumpen sowohl für die Heizung als auch für die Kühlung ideal geeignet sind. Die Berechnung
der verfügbaren Erdwärme im geplanten Bohrlochfeld ist ein Schlüsselparameter für die Erstellung der
Energiebilanz eines Gebäudes und die effiziente Installation von Erdwärmepumpen. Neben dem
Wärme- und Kältebedarf des Gebäudes haben die Bodenbeschaffenheit sowie die verwendete
Technologie einen signifikanten Einfluss auf die Auslegung von Erdwärmepumpen. Durch den Einfluss
angrenzender Gebäude und die Abkühlung des Bodens aufgrund eines übermässigen Wärmeentzugs,
ist die Installation mehrerer Erdwärmepumpen im Kontext einer grossflächigen städtischen
Energieplanungsaufgabe immer eine Herausforderung. Im Rahmen der vorliegenden Arbeit wurde eine
GIS-basierter Methode für die Auslegung und Platzierung von Bohrlöchern für einzelne Gebäude in
einer städtischen Umgebung entwickelt. Die Methode wurde auf 170 Gebäude des Gebiets Altstetten
in Zürich angewandt. Als Eingangsgrösse für das Modell dient der stündliche Wärme- und Kältebedarf
jedes Gebäudes. Der Wärmebedarf enthält die Nachfrage an Wärme für die Heizung und zur
Warmwasseraufbereitung. Die Unterschiede in der Bodenbeschaffenheit und die gesetzlichen
Restriktionen bezüglich der Bohrtiefe wurden im Modell mittels eigener GIS-Lagen berücksichtigt. Ein
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detailliertes thermodynamisches Modell, basierend auf den Eskilson’s g-Funktionen, wird zur
Berechnung der benötigten Bohrtiefe für verschiedene Bohrlochabstände herangezogen. Die
Auskühlung des Bodens durch den Wärmeentzug über die Bohrlöcher hat einen massgeblichen
Einfluss auf den Nachhaltigen Betrieb der Systeme. Deshalb werden diese Langzeiteffekte im Modell
berücksichtigt. Das Modell wertet den Betrieb der Erdwärmepumpen aus und berechnet die Verfügbare
Wärmeleistung für jedes Gebäude. Diese Studie liefert eine Methode die in jeder beliebigen GISPlattform für die Abschätzung des Erdwärmepotentials eines gewünschten Gebiets angewendet
werden kann. In der enthaltenen Fallstudie wird die entwickelte Methode in einem grösseren Kontext
angewendet.
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1.

Scope

Switzerland, in its energy strategy for 2050 has committed to reduce its greenhouse gas
emissions to 50% of the 1990 emission levels (FOEN, 2015). This is an ambitious goal which needs
contributions from several sectors such as transport, buildings, industry etc. The building sector in
Switzerland alone contributes 50% to the total primary energy consumption out of which 30% is
attributed to heating (SFOE, Swiss Federal Office of Energy SFOE - Energy in Buildings, 2015).
Besides, two-thirds of the building stock in Switzerland is heated by fossil fuels (IEA, 2012). To
address this issue the Swiss energy strategy envisages a building refurbishment program which
encourages the use of renewable energy technologies within the building stock besides energy
efficiency measures (IEA, 2012). In Switzerland, 76% of the total residential buildings are equipped
with standalone space heating systems based on oil, gas and wood chips, a mere 11% of total
residential buildings are heated using heat pumps, less than 0.1% heated by solar energy and the
rest heated by electricity and other energy carriers (BFS, 2014). This clearly indicates towards the
absence of renewable energy technologies integrated within buildings and a high potential for carbon
emissions savings in the future.
1.1

Ground Source Heat Pumps

A major trend in renewable energy based building integrated technologies for heating
applications are Ground Source Heat Pumps (GSHPs). A GSHP is a heat pump coupled to a heat
exchanger which is installed underground (closed loop system) or is fed by ground water from a well
or an external water body (open loop system). The heat pump is then further coupled with the
buildings’ internal heat distribution system to provide the space heating needs. The ground heat
exchanger can be of different configurations depending on the type of the system (open/closed loop).
A detailed overview of such different types of systems is well illustrated by (Florides & Kalogirou,
2007) and the technical aspects of ground thermal properties, heat pumps, borehole heat
exchangers and their design, installation and performance are described in detail in (Rawlings &
Sykulski, 1999). The most commonly researched systems are the vertical heat exchangers also
called as Borehole Heat Exchangers (BHEs). A GSHP system may consist of multiple BHEs
connected to the same heat pump.
GSHP systems use the ground as a source of heat during the heating cycle of the building,
and as a sink during the cooling cycle. The high thermal capacity of the ground allows for such an
exchange of heat maintaining a stable ground temperature. A GSHP can meet space cooling,
heating as well as DHW demands for the building. The main advantage of GSHPs in comparison
with competing technologies such as boilers based on coal, gas, LPG, natural gas etc. is the
considerably low carbon emissions and high energy efficiency (Sarbu & Sebarchievici, 2014).
1.2

GSHPs in Switzerland
Switzerland along with several other European countries like France, Finland, Germany etc.
has a developed market for GSHPs and these markets have accelerated their growth in the past
(Karytsas, 2012). In Switzerland alone, the growth of GSHP systems has been 15% annually and
there are 36000 systems installed already (Curtis, R., et. al., 2005; Karytsas, 2012). It is predicted
that until 2020, the major developments in the geothermal markets will come through the introduction
of shallow geothermal systems such as GSHPs especially in Switzerland and Sweden where the
markets will mature. This is mainly due to the advances made in the technology and increasing
efficiency of these systems (Karytsas, 2012). A detailed overview of the worldwide markets
especially Switzerland, Germany, United States and Europe is described in (Curtis, R., et. al., 2005).
Hence, we may see a rise in the installation of GSHP systems in buildings in the near future
especially in the residential households.
1.3 Urban context
In an urban area, especially at the building level, where there is limited space available for such
systems, vertical BHE systems are ideal. The most common type of systems in Switzerland, are the
BHEs (65%) followed by ground water based systems (30%) and the rest horizontal coils (<5%), up
until 2005 (Curtis, R.,et. al., 2005). BHEs can be installed in the building plot/parcel areas
surrounding the buildings or in some cases under the building as well. The separation distance
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between these BHEs is a critical parameter in order for the BHEs to not influence each other’s
thermal performance. The thermal interaction between boreholes is minimized as the separation
distance increases. On the other hand, to satisfy the heating/cooling demand of the building it might
be necessary to have multiple BHEs. Hence, the separation distance must be wisely selected so
that there is enough space to install the required number of BHEs. Another important consideration
is the long term sustainability of the BHE system. In an urban area, the buildings are densely packed
together and the high density of BHE systems might lead to the change in the average ground
temperature over the lifetime of these systems (typically 50 years). This might render the ground
unsuitable for further heat extraction/rejection. In general, the long term sustainability of such
systems is ensured by regenerating the ground with excess energy. This is an important aspect in
the operation of such systems.
Within an urban area, there may be spatially varying geological zones with different types of soil
layers. The thermal properties of the soil are an important parameter that affects the design of the
BHEs and hence its spatial variation must be taken into account. The BHEs are drilled vertically into
the ground and might affect the ground water resources due to leaks, changes in temperature etc.
For this reason, several urban areas have restricted drilling access to the ground which in some
cases manifests in the form of an upper limit on the allowed drilling depth. This limits the length and
ultimately the heat energy that can be extracted from the BHE. The maximum allowed drilling depth
may also vary spatially within an urban area depending on the ground water resources etc. In
conclusion, the mapping of shallow geothermal heat at the building level entails several geo spatial
factors of consideration and emphasis must be laid on the long term sustainability of the ground.
This study aims to evaluate the potential of ground heat at the building level taking into account
the thermal interference and long term sustainability of the BHE systems. This includes the
placement of the required number of BHEs within each building’s parcel and the design of the length
of each BHE based on a given hourly space heating/cooling and DHW demand. Furthermore, the
actual amount of heat energy available during the systems’ operation cycle and the actual heat
potential available is determined. This methodology is applied to a case study consisting of 170
residential buildings situated in a district called Altstetten in Zurich, Switzerland.

2.

Methodology and Data

The methodology can be divided into two main parts; (a) Design and (b) Operation. The design part
of the method follows a GIS based workflow to place the boreholes in the parcels of all building(s)
and calculate the design length as explained in section 2.1 -2.3. Then operation of the designed BHE
systems is evaluated and the ground source heat potential is calculated using methods described in
section 2.4 and 2.5. Finally, the entire methodology is applied to a case study described in section
2.6.
2.1 Spatial data
Several sets of geospatial data are required as input to this methodology described in the following
sections. These datasets are described in table 1. Apart from these datasets, a method developed
by (Wang, Orehounig, & Carmeliet, 2016) to calculate the hourly space heating and DHW demand
for all the buildings is used taking into account the several parameters that distinguish the buildings
from each other. For instance, building age, occupant behavior, number of floors etc.
Dataset
1. Building footprints

Format
Polygon

2. Parcel boundaries

Polygon

3. Soil type

Polygon

Description
The building footprints from
the municipality cadastre data
as a polygon vector file.
The parcel boundaries from
the municipality cadastre data
as a polygon vector file.
The spatial distribution of soil
type as a polygon vector file.
The thermal properties for
each soil type are derived from
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Source
Amt für Raumentwicklung
(ARE, 2015)
Amt für Raumentwicklung
(ARE, 2015)
Amt für Raumentwicklung
(ARE, 2015)

4

4. Allowed drilling
depth

Raster

(Schweizerischer Ingenieurund Architektenverein, 2010).
The maximum allowed drilling Amt für Raumentwicklung
depth as a raster with a 5m (ARE, 2015)
resolution. This dataset is
based on the water protection
law (AWEL, 2010).

Table 1: Description and source of all input datasets
2.2 Spatial arrangement of BHEs
The installation of BHEs for buildings is most commonly done in the plot/parcel area surrounding the
building. For practical constraints related to drilling, adequate distance must be maintained from the
walls of the building itself. Moreover, to minimize the thermal interference from surrounding
boreholes a separation distance of minimum 5m (other typical values: 7.5, 10m) prescribed by the
Swiss standard for BHEs (Schweizerischer Ingenieur- und Architektenverein, 2010) must be kept.
Another important consideration is the distance from the parcel edges in order to avoid thermal
interference from the neighbours’ BHE systems and a fair use of space. A GIS based methodology
is followed to calculate the area eligible for installation of BHEs for each building. In a second step,
a fishnet of points representing boreholes is fit within these eligible area polygons. In a final step,
GIS data on the drilling depth restriction and local soil type described in table 2 is spatially aligned
and merged with the boreholes.
2.3

Thermal model
The main design specification for a BHE is the length because it determines the amount of
heat that can be exchanged with the ground. Besides, drilling costs can increase severely with each
metre drilled. Hence, if the system is undersized it may fail to satisfy the energy demand
requirements and if it is oversized it may increase the total costs of the system. This study uses the
ASHRAE method (Kavanaugh & Rafferty, 2014) that is based on the infinite cylindrical source (ICS)
solution, to size the BHEs for each parcel. Following are the equations used for the design of the
BHEs simplified by (Bernier, 2006).
𝐿=

𝑞ℎ 𝑅𝑏 + 𝑞𝑦 𝑅10𝑦 + 𝑞𝑚 𝑅1𝑚 + 𝑞ℎ 𝑅6ℎ
𝑇𝑚 − (𝑇𝑔 + 𝑇𝑝 )

Where: L is the BHE length, 𝑞ℎ , 𝑞𝑦 , 𝑞𝑚 are the peak hourly, yearly average and peak monthly ground
loads respectively in watts. 𝑅𝑏 , 𝑅10𝑦 , 𝑅1𝑚 and 𝑅6ℎ are the borehole thermal resistance, effective
ground thermal resistances for a 10 yearly, monthly and 6 hourly pulse respectively in mK/W. 𝑇𝑚 , 𝑇𝑔
and 𝑇𝑝 are the mean fluid temperature in the BHE, the undisturbed ground temperature and the
temperature penalty respectively in K.
Following is the calculation procedure used to calculate effective thermal resistances using thermal
properties of the ground such as thermal conductivity and thermal diffusivity.
𝐺𝑓 − 𝐺1

𝐺 −𝐺

𝐺

𝑅10𝑦 =
𝑅1𝑚 = 1 2
𝑅6ℎ = 2
𝑘
𝑘
𝑘
Where: 𝐺𝑓 , 𝐺2 and 𝐺1 are the G factors obtained through the calculation of Fourier numbers and
interpolating between values of a lookup table based on ICS, given in (Kavanaugh & Rafferty, 2014).
The Fourier numbers are calculated for each a 10year, a monthly and a 6 hourly thermal pulse. The
equations are described as follows.
4𝛼𝜏𝑖
𝐹𝑜𝑖 = 2
𝑑
Where:𝜏𝑖 Is the duration of the thermal pulse, d is the outside pipe diameter and 𝛼, is the thermal
diffusivity of the ground.
A critical parameter in the calculation of the length is the temperature penalty, Tp . The calculation of
𝑇𝑝 is for a uniform borehole field as described in the AHRAE method. However, for a non-uniform
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borehole such as the one in an urban area, there is no clear methodology available. In this study a
methodology to calculate the temperature penalty for non-uniform borehole fields is developed as
described in section 2.4.
2.4

Thermal response factors (g-function)

g-function
In an urban area where the BHE systems are densely packed together, there will be thermal
interference between them. Thermal response factors or g-functions enable the quantification of this
thermal interference. A g-function is defined by the following mathematical relationship;
𝑇𝑏 − 𝑇0 =
Where 𝑡𝑠 =

𝑄
𝑡 𝑟𝑏
𝑔 ( , , 𝐵𝑜𝑟ℎ𝑜𝑙𝑒 𝑓𝑖𝑒𝑙𝑑 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦)
2𝜋𝑘𝐿 𝑡𝑠 𝐿

𝐿2
9𝛼

Where, 𝑇𝑏 is the temperature at the borehole wall (𝑟 = 𝑟𝑏 ), 𝑇0 is the undisturbed ground temperature,
Q is the step heat pulse injection/rejection acting on the borehole, k is the thermal conductivity of the
ground, L is the BHE length, 𝑟𝑏 is the borehole radius, 𝑡𝑠 is the characteristic time of the borehole, t
is time. g (function) is a dimensionless number that quantifies the change in the temperature relative
to the undisturbed ground temperature 𝑇𝑟 − 𝑇0 at any radius r from the borehole due to a given
geometrical configuration of the borehole field, as a function of time.
Lamarche and Beauchamp (Lamarche & Beauchamp, 2007) have described an analytical
expression for the calculation of g- functions for any given borehole field geometry inspired by the
work done by (Zeng, Diao, & Fang, 2002) using the finite line source thermal model. Their method
is numerically more efficient and is suitable for a large scale simulation. This study has adopted this
method to estimate the g-function for each borehole. Detailed equations of the analytical expression
can be found in their study (Lamarche & Beauchamp, 2007).
Spatial superposition
The g-functions calculated in the section above is for a single borehole and does not include the
thermal response of other boreholes. This issue is addressed by the superposition principle. Using
this principle the net thermal response function (g-function) of a particular borehole is equal to the
superposition of the thermal responses of all other individual boreholes calculated at the borehole in
question. The superposition principle is widely used and well described in the literature (Fossa, 2011;
Lamarche, 2009). It allows for modelling the thermal interactions of the boreholes with each other.
Temporal superposition
The g-functions calculated for each borehole enables the calculation of the temperature response of
the ground based on a step heat pulse injection/rejection. In reality the heat injection/rejection is
continuously varying hence, the input heat profile must be converted into temporal superposition of
step heat pulses. This is done using the following equation which is well described by (Yavuzturk,
1999).
𝑛

𝑇𝑏 − 𝑇𝑜 = ∑
𝑖=1

(𝑄𝑖 − 𝑄𝑖−1 ) 𝑡𝑛 − 𝑡𝑖−1 𝑟𝑏
𝑔(
, )
2𝜋𝑘𝐿
𝑡𝑠
𝐿

Where: 𝑄𝑖 Is the heat demand for time step 𝑡𝑖 ∀ i ∈ (1, n).
Temperature penalty
The ASHRAE design method (Kavanaugh & Rafferty, 2014) prescribes a methodology for the
estimation of the parameter temperature penalty, due to the long term operation of the boreholes.
This method is specifically suitable for a uniform borehole field with equal lengths, thermal loadings
and spacing. This estimation is based on the premise that each borehole has a small budget of
ground volume from/to which it can draw/reject heat. This volume is dependent on the number of
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surrounding boreholes and their respective thermal loadings. Appropriate correction factors are
applied for the boreholes at the edges for which this volume is bigger and there are no boreholes
surrounding them.
The same concept described above is adapted in this study to estimate the temperature penalty for
a non-uniform borehole field. The volume budget of the ground which each borehole has is calculate
using the volume of the cylinder with an equivalent radius, 𝑟𝑒𝑞 . The distance up to which each
borehole has its outreach to draw/reject,𝑑𝑖 is weighted according to the thermal loading to length
ratios for each pair of boreholes. Imaginary boreholes are placed at a distance of 𝑟∞ , in each cardinal
direction where a borehole is absent. This distance is set to 18m, after calibration of the temperature
penalty with the ASHRAE method for uniform field configurations as the reference.
2.5 Heat pump operation
The Swiss standard that provides guidelines for design and operation of BHEs SIA 384/6
(Schweizerischer Ingenieur- und Architektenverein, 2010) recommends the mean fluid temperature
in the BHE to be above -1.5oC. The design methodology described above calculates a design length
required for satisfying the total heat demand of the building. In Switzerland there is no law that
restricts the drilling activity in urban areas (Haehnlein, Bayer, & Blum, 2010) but there are guidelines
for the protection of ground water resources which prescribe the maximum allowable drilling depth
(AWEL, 2010). These restrictions lead to the under sizing of the BHE resulting in over use of the
ground. This eventually results in low mean fluid temperatures in the BHE for heating cycle and high
mean fluid temperature for the cooling cycle and some heat demand might not be met by the system
due to the stalled operation of the heat pump. The hourly load profiles of buildings and the g-functions
are used to calculate the hourly variation of the mean fluid temperature. It is restricted to values
above -1.5oC and the unmet heat load is calculated for one full year. This calculation is performed
for the 1st, 25th and the 50th year of operation. Since the space cooling demands are very low the
design and operation is heat driven hence, the upper limit of the mean fluid temperature in the BHE
is ignored in this study.
2.6 Case study
The methodology described in the preceding sections is applied to a large urban area of the order
of 108,000 m2. It is a part of a district called Altstetten, situated in Zurich, Switzerland. The study
was carried out on a total of 170 buildings confined within 135 parcels. The area is selected such
that there is variation in building characteristics such as age, number of floors and total footprint
area. The results of the case study are described in the following sections. Table 2 lists the input
parameters and their values chosen for this case study.
Parameter
Borehole separation

Buffer distance from
building/parcel boundaries
Design mean fluid temperature

Coefficient of performance
(COP)
Energy Efficiency Ratio (EER)
Borehole thermal resistance

Unit
m

Value
7.5

m

3

°C

-1.5

--

4

-mK/W

4.5
0.17
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Source
Chosen value
recommended by
(Schweizerischer
Ingenieur- und
Architektenverein, 2010)
Chosen value
Design Standard
(Schweizerischer
Ingenieur- und
Architektenverein, 2010)
Chosen value
Chosen value
ASHRAE Handbook
(Kavanaugh & Rafferty,
2014)

7

Borehole diameter

mm

Pipe diameter

mm

Soil thermal properties

BHE system lifetime

--

Years

125

ASHRAE Handbook
(Kavanaugh & Rafferty,
2014)
32 (DR 11,
ASHRAE Handbook
HDPE U tube) (Kavanaugh & Rafferty,
2014)
Spatially
Design standard
varying
(Schweizerischer
Ingenieur- und
Architektenverein, 2010)
50
Chosen value

Table 2: Parameter values for BHE design and operation

3.

Results

3.1 Space heating and DHW demand
The hourly heat demand calculated for each building is used to derive the ground heat demand by
assuming constant COP values for the heat pump, given in table 2. The hourly ground heat demand
are then aggregated and input into the design method. The following figures 1 (a, b) show the peak
heat demand and the annual average heat demand at the ground for all parcels respectively
normalized by total heated floor area in the parcel (Wh/m2).

(a) Peak heat demand

(b) Annual average heat demand

Figure 2: Ground heating demand for DHW and space heating
3.2 BHE Design
Figure 2 (a) shows average BHE design length per parcel which varies from 86 – 227m. This length
is restricted by the maximum allowed drilling depth. The total required length to satisfy the building’s
heating needs may be higher than the design length. This is represented in Figure 2(b) which shows
the design length as a percentage of the total required length if there were no drilling restrictions in
place. A value of 100 represents that the system is adequately sized and all the values less than 100
suggest an under sizing. Figure 2 (a) shows three buildings (in black) for which it was not possible
to design a BHE system due to space limitations.
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(a) Average BHE length per parcel

(b) Percentage of total required length

Figure 1: BHE design lengths
3.3 Long term effects
Figure 3(a) shows the average drop in the ground temperature per parcel due to the operation of the
BHE systems for their entire lifetime (50 years). Figure 3(b) shows the net decrease in the
temperature surrounding each borehole.

(a) Average ground temperature drop per parcel

(b) Ground temperature drop per borehole

Figure 3: Changes in ground temperature due to lifetime operation of the BHE
system (50 years)
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3.4 BHE operation
Figure 4 (a) shows the hourly variation of ground thermal loads (kW) for one single borehole that are
met/unmet due to the restrictions on the mean fluid temperature in the BHE during the first year of
operation. Figure 4 (b) shows the hourly variation of the mean fluid temperature in the same
borehole.

(a) Hourly variation of the heat demand met/unmet for a single BHE

(b) Hourly variation of the mean fluid temperature in the BHE
Figure 4: Hourly heat demand and mean fluid temperature variation for a single BHE in the 1st year
of operation
Figure 5 shows a map of the parcels
displaying the total hours of operation during
which the heat demand is partially/fully unmet
by their respective BHE fields during the first
year of operation. The heat demand for most
buildings is fully satisfied due to which there
are no unmet hours of operation of the BHEs.
3.5 Ground source heat potential
The ground heat potential is calculated
annually as the difference between heat
demand and the heat demand that is not met
during the operation of the BHEs. Figure 6 (a)
shows the percentage of heat demand that is
met for each parcel and figure 6(b) shows the
actual ground source heat potential available
per parcel in kW. These values are reported
for the first year of operation.
Figure 5: Heat demand satisfaction: Hours
of unmet heat demand per parcel (1st year)
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(a) Percentage heat demand satisfied

(b) Ground source heat potential (kW)

Figure 6: Ground source heat potential during the 1st year of operation

4.

Discussion

The results of the heating demand simulation show that there is a considerable variation of heating
demand across different parcels. The average heating demand varies between 5-30Wh/m2 and the
peak demand varies between 30-150 Wh/m2, resulting in a heterogeneous mixture of buildings. This
enables in capturing the inherent differences in buildings in an urban area. There is a considerable
difference between the peak demand and the average demand for all parcels which severely affects
the design of the BHEs. The hourly heat demand simulation is advantageous in accurately
representing the peak demand which is a key input parameter in the design process. The ground
heating demand is calculated by using fixed COP and EER values for the heat pump. In practice,
the COP and EER are variable. Besides, its value is also affected by the efficiency of the heating
distribution system which is not taken into account in this study.
The total design length of a BHE may be longer than the actual length that is allowed for drilling. This
implies that the BHE is undersized and may restrain or interrupt its operation. The average BHE
length per parcel varies from 88m-220m for the entire case study. These values match well with the
commonly observed lengths of such systems. Almost all of the buildings have their BHEs undersized
due to the drilling restrictions but with varying degree. Most parcels reach 80% of the required design
length and there are a few parcels which lay as low as 10-40% of the design length. The under sizing
of the BHEs will lead to the excessive utilization of the ground resulting in restrained heat pump
operation and the heat demand not being fully met.
The cold climate in Switzerland results in a net heating demand for all the buildings, hence, a
constant heat extraction from the ground over the system’s entire lifetime. This further results in the
lowering of the average ground temperature over this long time frame. The methodology used in this
study quantifies this change in the ground temperature through a design parameter called the
temperature penalty. In this study, the BHEs undergo a heat led operation leading to cooling of the
ground. For most parcels the long term ground temperature change lies between 0.4 – 1.5 °C which
is an acceptable value in practice. The maximum drop in the ground temperature of a parcel is 5.4
°C whereas the maximum drop in the temperature around a BHE is 7 °C. These values are high and
care must be taken to thermally regenerate the ground to lift the ground temperature within
acceptable levels. This may be done through adding excess heat to the ground from time to time
using a secondary source, for instance, solar thermal collectors. This may further lower the actual
potential available per parcel. The amount of thermal energy required to regenerate the ground is
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not calculated in this study. It is observed that the temperature drop in regions with densely packed
BHEs is higher as opposed to sparse regions. This is because the ground volume budget that each
borehole has, to extract or deliver heat is higher for BHEs at the edges or in a sparse region than for
BHEs surrounded densely by other BHEs on all sides.
The heating demand for some hours of operation of the BHE is partially/fully unmet due to the mean
fluid temperature being lower than the prescribed minimum allowed limit of -1.5°C. Since the upper
limits of the mean fluid temperature in the BHE are ignored, the cooling demand is fully met at all
hours. The mean fluid temperature in the BHE without any restrictions can be as low as -8°C which
can lead to the freezing of the operating fluid. The freezing point of 20% (by mass) polypropylene
glycol based water solution, commonly used in such systems is -8 °C. The hours of unmet heat
demand lies between 0-500 for most parcels whereas a small number of parcels have long periods
of unmet demands, as high as 4200h. A high number indicates towards the need for additional
heating technologies such as biomass boilers, solar thermal collectors etc. The results of the BHE
operation and subsequently the ground source heat potential are reported for the first year of BHE
operation. The operation of the BHEs will differ for later year of its life cycle due to long term thermal
effects on the ground. However, this analysis is not performed in this study.
Most of the buildings considered in this case study have 99% of their heating demand satisfied during
the operation by the systems designed for them respectively. There are in total 3 buildings for which
there is no available potential entirely due to spatial constraints.

5.

Conclusion

A GIS based method is developed to design and evaluate the operational performance of borehole
heat exchangers and calculate the ground source heat potential at the building level. The method
developed is applied to a part of a district called Altstetten in Zurich, Switzerland. This study
emphasizes the consideration of the long term thermal effects of the heat extraction on the ground
within the design process as well as the thermal interference between the boreholes in a densely
packed urban environment. The results show that the practical limitations related to drilling lead to a
under sizing of the systems and hence, limited availability of the ground source heat potential. The
long term ground temperature drops due to excessive heat extraction from the ground and must be
regenerated. The regeneration of the ground through adding heat will further limit the ground heat
potential available. The under sizing of the BHEs necessitate the evaluation of their performance
during the operation cycle which gives the actual value of ground source heat potential. The results
show that for some BHEs the mean fluid temperatures in the BHE drop to values that maybe
unacceptable in practice for the smooth operation of the systems. The restriction of this temperature
to above a safe value leads to the heat demand being not (partially/fully) satisfied. Hence, a lower
ground heat potential.
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