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Abstract 

Ground-source heat pumps systems (GSHP) are commonly used all over Sweden to supply heat and 

sometimes cool to different kinds of housings or commercial facilities. Many large installations are by now 

between 10 and 20 years old. 

Even when the design of such system has been tackled, rare are the studies that have dealt with following 

their performance throughout time in detail. Based on conductive heat transfer, the heat extraction 

process makes the ground temperature decrease when installations are only used for heating. This thesis 

aims at proposing a method to evaluate how the temperature in a borehole heat exchanger of a GSHP will 

evolve. The project is focusing on the heat transfer from the ground to the boreholes modelled using 

Finite Line Source (FLS) based generated g-functions. “g-functions” are non-dimensional parameters 

characterizing the evolution of the ground thermal resistance enduring variable heat extraction loads.  A 

model using Matlab has been developed and validated against relevant publications. 

As a case study, the method is applied to an existing 15 years old GSHP installation, composed of 26 

boreholes and 3 heat pumps, so as to compare the obtained results with data measured on site. Two sub-

borehole fields compose this installation: 14 of them were drilled in 1998 and the remaining 12 in 2009. 

Measured variable heat extraction loads were superposed using dedicated site g-functions for the two 

boreholes fields.  As a result, a comparison between modelled and calculated heat carrier fluid in the 

boreholes over the last 6 months is presented here, as well as a 20 years forecast of the ground 

temperature at the interface with the boreholes. 
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Nomenclature 

 

Acronym Definition  

GSHP Ground-source heat pump   

VP1 Värmepump 1 (heat pump 1)  

VP2 Värmepump 2 (heat pump 2)  

VP3 Värmepump 3 (heat pump 3)  

CS Cylindrical Source  

FLS Finite Line Source  

ILS Infinite Line Source  

COP Coefficient of performance of a heat pump  

TRT Temperature Response Test  

DTRT Distributed Temperature Response Test  

   

Variable Definition Unit 

   Borehole wall temperature   

   Undisturbed ground temperature   

    Heat carrier fluid temperature at the 

entrance of the borehole 

  

    Heat carrier fluid temperature at the exit of 

the borehole 

  

   Average heat carrier fluid temperature at 

the exit of the borehole 

  

  Nominal electric power consumed by a heat 

pump 

   

  Heating power generated by a heat pump    

   Extracted heat from ground per unit length 

of borehole 

      

   Ground thermal conductivity per unit 

length 

          

  Ground thermal diffusivity        
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   Borehole thermal resistance         

   Ground thermal resistance         

   Radius of the borehole   

  Length measured from the ground surface 

from where the borehole is considered 

active 

  

   Penetration depth representing the area 

affected by the thermal interference around 

the borehole 

  

  Drilled length of the borehole   

     Total active length of the borehole field   

   Characteristic time of a borehole field   

  Time   

  Radius from middle line of the borehole   

  Depth taken from the surface of the 

ground 
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1 Introduction 

1.1 Background 

Space-heating is a deciding issue in the process of designing comfortable and energy efficient housings. 

Weather conditions are impacting people’s consumption, which fluctuates both on daily and seasonal 

basis. Finding appropriate solutions to answer this demand is definitely a key energetic issue, especially in 

countries with somewhat extreme weather like Sweden. 

It goes without saying that the Swedish weather is not the most “heating-friendly” people could 

experience. Despite a widespread district heating supplying Stockholm and its outskirts, many 

homeowners have to opt for their own heating systems. Grouping individual housings into co-ownership 

trustees allow the design of larger systems, which are more efficient and cost-effective compared to 

individual heat-pumps. Thereby, the “Brf Syrenparken” condominium, located in Nacka, has decided to 

invest in its own GSHP in order to satisfy the heating needs of the residence. In Sweden, more than 1 

million heat pumps have been installed during the last decade (Forstèn, 2013), amount which is still sky-

rocketing nowadays. 

Due to continual technological and economical improvements, GSHP systems are more and more 

popular. This appliance consumes electricity only and requires less energy than many other heating 

systems. Indeed, the electricity consumption can be, at least, reduced by half compared to basic electrical 

heating radiators when GSHP are set up (Acuña et al., 2007). 

The popularity of this technology gives incentives to companies and laboratories to explore solutions in 

order to enhance its effectiveness. The EFFSYS project, regrouping industries involved in the heat pump 

sector, is an example of research commitment in this sector. Their support towards this project is a perfect 

example showing how innovative and promising this sector is.  

However, in many GSHP installations, the expectations are not completely fulfilled as it is the case in the 

condominium this master thesis handles.  The residents are facing troubles with their three heat pumps: 

the energy output is lower than intended, resulting in higher fuel consumption in the backup system. They 

asked for a follow-up of their installation, which was the inception of this master thesis. 

This project is a unique opportunity for the energy department of KTH to have access to data on a large 

15 years-old installation. To start with, two different studies are carried out in parallel: one dealing with the 

analysis of the heat pumps appliance (carried out by Michel Garnier) and the second focusing on the heat 

transfer between the ground and the boreholes (which is reported here). An important collaboration 

between both studies has be required in order to have a similar understanding of the installation, and to 

work later on with a coherent model and consistent data. Also this project carried out in cooperation with 

local residents. 

This report will summarize the project, its objectives and methodology, but also give an overview of the 

heat pumps technology and the related theory used for the modelling activities. 

1.2 Objectives of the master thesis 

After and introductive meeting with my supervisor in the early days of September 2013 and a 

complementary one with Syrenparken co-ownership association on September 16th, I have been able to 

target the main objectives to reach in this project, which are: 

1. Develop a model to assess the performance of a given borehole field 

2. Apply this model to a GSHP installation and compare results with measured data obtained on site 

3. Forecast the installation’s performance and draw conclusion about the future operation of the 

borehole field. 
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2 Ground-source heat pump technology 

In essence, heat pumps are devices that extract heat from any kind of natural ambient source (air, water, 

and ground) for then transform it into higher temperatures heat. Such transformation relies usually on a 

vapour compression cycle. Only electricity has to be provided to run the different pumps that drive the 

cycle.  

The useful heat produced can be employed for several applications: space heating, ventilation and hot tap 

water production are the main ones. 

The vapour compression cycle comprises 2 heat exchangers: one evaporator and one condenser, separated 

by a compressor in one way and an expansion valve one the second way. The figure 1 sums up the base 

cycle, based on 4 steps: 

 

Figure 1 Basic heat-pump cycle 

Those 4 main steps, showed by points 1 to 4 on figure 1 are: 

 1-2: the refrigerant, having extracting energy from the heat source, is compressed to a higher level 

of temperature and pressure 

 2-3: the refrigerant is then condensed, transferring energy to another environment, which will be 

used for the heating purposes (tap water, space heating or ventilation) 

 3-4: The refrigerant goes through and expansion valve, reducing its pressure 

 4-1: The low-pressured refrigerant goes through the heat exchanger and evaporates, taking energy 

from the low temperature heat source 

The main purpose of this process does not necessarily have to have to be heating. Many similar systems 

around the world use the same principle for air conditioning purposes. 
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The cycle, known also as the refrigeration cycle, can be illustrated by the Pressure/Enthalpy graph 

presented in figure 2. Here is given the basic cycle, superheating and sub cooling processes can be added 

depending on the context of utilization.  

 

Figure 2 Diagram h-log(p) of a typical refrigeration cycle 

Since different heat sources can be used, different categories of heat pump can be defined based on those 

different kinds of sources: air, water or ground. The subcategory that is interesting to us here, the one 

installed at the condominium in Saltsjöbaden, is the ground-source type.  

2.1 Overview on vertical ground-source heat pump systems 

The energy stored on the top layers of the ground is mainly coming from the sunshine and the thermal 

balance between outdoor air and the ground whose temperature remains rather constant over the year 

under about the first 15 meters deep. In Sweden this temperature is around 8 degrees in the Stockholm 

area (Acuña, 2013). This stable temperature, contrary to sources like air, makes the GSHP systems 

connected to vertical boreholes very interesting, all the more so since technologies to harvest this energy 

are well known and diversified. 

We can distinguish two main techniques in the GSHP family, horizontal and vertical ones. 

Let us have a first overview of horizontal technologies. The heat stored in the upper ground layers is 

extracted thanks to buried plastic tubes, used as heat exchangers, in which a heat carrier circulates for 

closed loop systems. The tubes are dispatched horizontally in a field, as shown in figure 3. If large areas 

are required for setting up such appliance, this technology presents one of the lowest cost due to the 

restricted trenching it requires. The heat transfer process is affected by temperature changes, since 

weather, sun and air affect the temperature of the 10 first meters ground layer, while the depth of 

horizontal systems does not go deeper than 1,5m (SVEP). However, those systems remain reliable and 

have a long lifespan. 
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Figure 3 Horizontal GSHP (SVEP) 

An extension of the previous one is the sea/lake-source technology. It uses seawater or lakes as the heat 

source. This is a reliable technology which is also affected by seasonal changes if the lake is not deep 

enough. Low maintenance and operating costs make this technology very interesting (SVEP), and both 

closed loop and opened loop systems are to be considered. However, the heat carrier in closed loop 

systems has to be severely controlled: any leak could impair dramatically the water quality in the lake. 

Open systems with water directly in contact with the evaporator heat exchanger have for instance been 

developed. 

 

Figure 4 Lake source GSHP (SVEP) 

The second main technology that I will highlight is the vertical GSHP. It relies on heat conduction effects 

in the bedrock (the more conductive the rock, the better). This is the most common type of GSHP system 

in Sweden, and the one this master thesis will be dealing with. It can be composed from one to several 

boreholes, with depths varying usually from 80 to 3000 meters. Boreholes are connected to heat-pumps 

ensuring the vapour compression process. An individual installation is shown in figure 5. In the boreholes, 

different geometries of plastic tubes can be used as heat exchangers, but the most popular is the U-pipe 

type. 

Closed loop systems have the advantage to be physically isolated from any groundwater sources, keeping 

the working fluid and the different components of the appliance away from any contamination, alteration 

from air, corrosion, fooling effects and also preserving the ground from pollution. This working fluid has 

to be selected in order to be adapted to the pressure and temperature states of the cycle. It is most of the 

time an anti-freeze solution, a mixture of water with ethanol (usually a volume mixture of about 70% 

water and 30% ethanol (SVEP)), that prevents the heat carrier from freezing in the conditions of 

utilizations. 

Contrary to horizontal GSHP, the vertical type suffers from higher investment costs due to the drilling 

they require. However, such a system is less space consuming and offers a higher efficiency. The payback 

time varies from 3 to 12 years and the lifespan is about 25 years (SVEP). 
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Figure 5 Bedrock GSHP (SVEP) (4) 

 

2.2 Syrenparken: presentation of the system of study 

The GSHP on which this project was commissioned is located in the Stockholm’s outskirts, in the 

condominium of Brf Syrenparken. The area, located 20 km far from Stockholm, belongs to Nacka and has 

a typical bedrock granitic ground referred as “granite pegmatite” according to the Geological Survey of 

Sweden (SGU). The GSHP running there generates space-heating (14 000 m2), hot tap water (120 000 m3 

per year) and ventilation to 150 apartments. A map of the different buildings and a view from the gardens 

are given in figures 6 and 7. In a nutshell, around 1700 MWh of heat are required every year by the 

inhabitants. 

 

Figure 6 Condominium seen from above 
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Figure 7 View of the buildings from the garden 

The housing, built 30 years ago, was first relying on two oil burners to produce all the necessary heat. The 

oil consumption represented around 200 m3 per year. Several transformations of the heating system 

occurred until last April. 

The first modification happened in 1998 and it was a significant upgrade: a GSHP was installed and only 

one oil burner was kept, as a back-up system. Two heat pumps, VP1 and VP2, were connected to a set of 

14 boreholes, drilled in the park nearby (North of the housing, near the train line). Both heat pumps have 

a nominal capacity of 65 kW. VP1 was dedicated to tap water and space heating while VP2 was designed 

for ventilation purposes. As a back-up system, the oil burner was expected to be turned on only during 

peak hours, and its consumption was lessened from 200 to 100 m3 per year. A map showing the different 

positions of each borehole is given figure 8. On the other hand, the table 1 sums up all the coordinates 

and inclinations (in degree), describing the layout of the field. All this information was extracted from 

original documents issued from the drilling procedure. The coordinates were extracted from the “ST 74 0 

gon (65:0)” system. 
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Figure 8 Map with the location of the boreholes drilled in 1998 (NackaCommun document) 

Table 1 Characteristics of the boreholes field drilled in 1998 

 

A second significant modification was accomplished in 2009 with the drilling of 12 new boreholes 

connected to a new heat pump VP3, with a 145 kW power capacity.  The oil consumption dropped only 
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by around 40 m3, less than the inhabitants expected. Usually the oil burner works only in winter season to 

(October to March). The respective map and characteristics of this new field are given in figure 9 and 

table 2. VP3 was connected with VP1 for space heating purposes. 

 

Figure 9 Map with the location of the boreholes drilled in 2009 (NackaCommun document) 

Table 2 Characteristics of the boreholes field drilled in 2009 

 

In April 2013, some other modifications were done: the 3 different heat pumps were all connected 

together in order to get the best output possible from the ground-source. This concerned particularly 

VP2, which was no longer dedicated to ventilation (requiring always less than 65 kW), but was connecting 
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to the space heating network. The idea was to force the oil burner to turn on only when the heat pumps 

were running at full capacity. According to recent observations drew by the residents, this change had 

incomplete results, with the boiler turning on before the heat pumps being at full power. 

In the different drilling descriptions available, the groundwater level was measured as 5 meters. This level 

describes where the heat exchange starts, and is used to define active part of the borehole in the heat 

exchange. A field measurement by the end of this master thesis in March was tried but ice layers were 

present at every upper section of each borehole tested, leading to an unsuccessful experiment. The value 

given by the drillers will be used in the modelling part but it is recommended to verify it during summer 

season. 

Many sensors are available on the GSHP, providing the control system with the required data to turn on 

and off the different components. All the control command board is available from the internet and part 

of the data has been saved for the last 4 years. It will be useful when it comes to comparing the model to 

the real performances of the system. 

We can sum up all the borehole field geometry description in the illustration drawn in Figure 10. It shows 

the borehole field as it is today with the main parameters and boundaries of the system. 

 

Figure 10 Sketch of the GSHP to be studied 

The boreholes contain a U-pipe type of collector tubes. The fluid circulating in them is a mix of water and 

glycol, respectively accounting for 70% and 30% in volume according to original documentation, for VP1 

and VP2 systems. In the boreholes connected to VP3, the fluid is water (72%) mixed with bioethanol 

(28%). The refrigerant R407c is common to all the vapour compression cycles in the heat pumps VP1, 

VP2 and VP3. 
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3 About the modelling  

3.1 Research background 

As introduced previously, GSHP are composed of heat exchangers buried and extracting energy from the 

ground in boreholes. Estimating the performance of the heat-pump connected to those boreholes will 

hence depend on the heat transfer in the ground at the first place. 

To start with, let us focus on modelling a single borehole. Most of the research done until now has 

considered pure conduction and homogeneous ground properties around the boreholes. A sketch is given 

figure 11. The ground is characterized by a unique undisturbed temperature    and its other thermal 

properties are assumed constant. 

 

Figure 11 Borehole sketch 

Working per unit length of borehole considerably simplifies the system. It results also in having the 

possibility to study the heat transfer at the moment the fluid attains a medium temperature between its 

entrance at the temperature     in the borehole and its exit at    . Hence we can focus the modelling on 

the following temperature: 

    
       

 
 (1)  

This average heat carrier temperature can be linked to the borehole wall temperature   ( ) at every 

moment of the process. By assuming quasy-steady state in the heat transfer we obtain the relation (2) 

which takes into account the heat extracted from the ground per unit length in the borehole   ( ). Since 

the heat is extracted from the ground, we consider it negative in sign in the equation (the fluid 

temperature is lower than the undisturbed ground temperature in heat extraction).  

   ( )    ( )    ( )   (2)  

This heat extracted per meter is obtained from the heat produced by the heat pumps   using the COP of 

the installation and the total active length      of the borehole field connected to the heat pumps as seen 

in equation (3). The active length is the length considered active in the heat exchange process. We will see 

later on how it is defined. Summing the different active length of all the boreholes in a field gives the total 

one. 
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 (3)  

Here the borehole resistance    appears as a key parameter modelling the efficiency of the heat 

exchanger. This is how the pipes are taken into account in this study. 

This borehole wall temperature is then deduced from the ground undisturbed temperature by the relation 

(4). 

   ( )       ( )   (4)  

However, the heat extraction process affects the ground on the long range. The phenomenon is becoming 

more and more predominant as the boreholes gets older, depending on either how much heat is extracted 

and on what are the different properties of the borehole. This has been first showed by (Carslaw and 

Jaeger, 1946), scientist who published the first model of geothermal heat transfer. Their contribution was 

focused on making the ground thermal resistance    a variable parameter, function of time, geometry and 

ground parameters. Their approach was based on solving the three dimensional transient heat equations 

(5): 

  

 

  

  
 
   

   
 
   

   
 
 

 

  

  
 (5)  

Their work gave birth to the cylindrical theory (CS), inception of all the works related to GSHP. At this 

time, the boreholes were assumed as infinite hollow cylinders, in an infinite solid medium transferring heat 

at a constant rate. 

A decade after, the CS model was improved by Ingersoll (Ingersoll, 1954) into a new approach called 

Infinite Line Source (ILS). The boreholes are modelled as lines, still in perfect contact to a uniform 

medium (the ground). Constant heat extraction or injection is also assumed. The line source approach has 

however, at time validity limitation. 

This last contribution was improved after the work of Eskilson in the 80s, introducing a key concept for 

the modelling: the g-function. G-functions are non-dimensional parameters characterizing the evolution 

of the ground thermal resistance enduring variable heat extraction loads, obtained by solving the three 

dimensional heat equations but assuming more precise boundary conditions than the CS and ILS. 

Interactions between boreholes are also significantly affecting the performance, which has also been taken 

into account by Eskilson in his solving process.  

Eskilson considers a finite line domain representing the borehole. The domain is the one surrounding the 

borehole, which boundaries are      (the borehole radius) and       with d as the depth we 

consider the borehole starting to exchange energy with the ground and H the total depth of the borehole. 

  is usually a couple of meters, representing the fact that that superficial layer of the ground has a 

negligible consequence on the heat transfer.  

Eskilson’s approach is called Finite Line Source (FLS) in opposition to the previous ILS one. The main 

limit conditions are summed up in equations (6) to (8). 

  (     )     (6)  

  (     )     (7)  

 
 
    

  
 (          )   

  ( )

    
 (8)  
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As explained previously, the result of the FLS approach leads to the definition of the g-function, which 

can be expressed for a single straight borehole, with a single constant heat extraction rate    ( ), at a given 

time, by equation (9): 

 
  ( )     

  ( )

    
  (

 

  
 
  
 
 
 

 
   ) (9)  

The ground thermal resistance is now characterized by the ground thermal conductivity    and the g-

function, representing the temporal variation the ground endures. 

The g-function g depends on the non-dimensional time  
 

  
,    being the characteristic time of the 

borehole. It is defined as: 

 
   

  

  
 (10)  

  is the ground thermal diffusivity and H the depth of the borehole. The second characteristic parameter 

used  
  

 
 is the borehole radius to length ratio. The ratio 

 

 
 is called active length ratio. Different 

publications have shown that this ratio can have an impact on the g-function. Most of the time, the 

groundwater level determines where the heat transfer begins.    is the field layout, term regrouping the 

boreholes coordinates divided by H (non-dimensional coordinates) and their respective inclinations. 

As explained before, analytical methods to evaluate the values of g-functions have been introduced by 

Eskilson (Eskilson and Claesson, 1987). However, due to computing restrictions in the 80´s, Eskilson 

could not apply his solution in the g-function process. He used numerical models to evaluate the values of 

the g-functions for several configurations. This study resulted in the elaboration of a reference work for 

38 different configurations (Eskilson, 1986), and later for 12 other ones (Eskilson, 1987).  Eskilson took 

into account the interaction process between boreholes in his research, but only symmetrical layouts were 

tackled. 

Many scientific worked after to try to simplify the analytic calculations, such as Zeng and his team who 

modified the FLS model (Zeng et al., 2002). Another significant contribution to the FLS was made by 

Lamarche and Beauchamp in 2007 (Lamarche and Beauchamp, 2007). They developed a faster method to 

generate g-functions, improving the work of Zeng done in 2002. This major contribution made the FLS 

become practical for engineering applications. 

They extended their work to include inclined boreholes in their model in 2011 (Lamarche, 2011).  This 

new contribution extended the simulations potential for more configurations. 

All the different correlations have been implemented in Matlab scripts by Lamarche and Beauchamp 

(Lamarche and Beauchamp, 2007), (Lamarche, 2013). The scripts translate the analytic methodology they 

developed. Those programs have been validated by comparing the generated-function with Eskilson’s 

numerical ones from 1986 (Eskilson, 1986). 

As described in part 2, the configuration in Syrenparken is composed of two fields drilled in 1998 and 

2009. The distance between those two fields is around 50 meters. Hence, according to Göran Hellström’s 

work (Hellström, 1991), those two different fields will interact when their respective penetration depth, 

defined in equation (11), will cross. 

 

   √(
  

 
) (11)  

Assuming a ground thermal conductivity of             , we find a starting time for the thermal 

interactions of around 33 years between the two boreholes fields studied in this thesis. Hence, for the 
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purpose of this study, no interaction is taken into account between the field drilled in 1998 and the one 

drilled in 2009 until 2033. It allows a disparate modelling for the two subfields. 

With the g-function of a field determined, we have access to the real borehole wall temperature thanks to 

(9). However, this temperature is adapted for a singular heat extraction load per meter depth   . In reality, 

GSHP systems have to cope with variable loads, either with daily and seasonal periods. Handling variable 

loads has been described among others in 2000 and 2004 by Bernier (Bernier, 2000) (Bernier et al., 2004) 

and an interesting presentation was given by Fossa eleven years later (Fossa, 2011). Figure 12 presents a 

heat load profile, with 5 different values during different time periods. Each load has a particular 

contribution to the temperature difference between the ground and the borehole.  

 

Figure 12 Heat load profile example 

The heat extraction load is now considered as a finished list, giving the extracted load q’(i) between two 

times    and       (see figure 12).  By and large, the temperature difference between the undisturbed 

ground and the wall of the borehole is the sum of each heat load contribution as presented in equation 

(12): 

 
  ( )     ∑

 

    
 (         )   (

    
  

 
  
 
 
 

 
   ) (12)  

This process is called temporal superposition. The more precise the heat load is described, the better the 

temperature difference between the undisturbed ground value and the real one is evaluated at a given time. 

This approach requires of course having access to accurate heat extraction data. When forecasting GSHP 

performance, it is necessary to establish an accurate estimation of the heat load is needed. 

Assuring a reliable working fluid temperature is a key in the design of GSHP, since variations leads to 

performance decreasing, appliance alterations or higher operative costs (Fossa, 2011). That’s why all the 

modelling approaches, like the one described here and chosen for this master thesis, is inherent to any 

GSHP design. 
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3.2 Contribution to the body of science 

The literature review was a structuring step in order to get in touch with the modelling and what tools can 

be used to reach the different objectives this master thesis has. It was also important in order to evaluate 

what contribution I had to put in the project to achieve them. 

The Matlab scripts I was relying on did not cover all the field of study imposed by the project. Therefore, 

some loopholes appeared, requiring improvements. With programs adapted to generate g-function for 

geometrical layouts of borehole fields, I had to extend them to take into account borehole particularities 

such has different depth or coordinates. This extension is the main contribution of this project. 

Another one is to build a program to run simulations to compare with today’s performance. Structuring 

the program and write the scripts of the different modules composing it was at stake. 

A third contribution is to import data from the control board of the installation, and controlling their 

reliability. If this task was mainly linked to Michel Garnier’s work on the appliance, my contribution to 

this task was necessary in order to make our two studies coherent and complementary. 

This project aims at increasing the skills of the KTH laboratory in refrigeration engineering, realising a 

complete installation study and building a method to evaluate a given installation’s performance. 

Following such a GSHP is unique, and gives more expertise to the engineering department in that domain. 

The different contributions that have been stated above will be more detailed in chapter 4. 
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4 Report on the activities 

4.1 Methodology carried out in the project 

In order to achieve the different objectives stated in the introduction, the following methodology was 

carried out. Many of the following steps were done in collaboration with Michel Garnier, a colleague 

thesis student who has focused his work on the utilisation of the GSHP at a system level. 

The project was conducted on half time work time from September to December 2013 (superposition 

with the end of my master courses at KTH) and then full time from January to March 2014. This allowed 

us a long period to follow the installation, which was particularly interesting during winter when the heat 

consumption (hence the extracted in the ground) is the highest. 

The detailed Gantt diagram of the project is given in Appendix 1. I will focus here on the most important 

steps the project is going through. 

My first task, which was also planned to be the longest, consisted in getting familiar with the body of 

science related to boreholes. An intensive literature review was hence required to get fully aware of what is 

at stake in the science behind this project. The literature review was also focused on the work of Lamarche 

and Beauchamp, who worked  a lot on the FLS approach, and whose contribution is the one favoured by 

my supervisor. Indeed this new approach is very promising and attracts the lab and the different sponsors 

supporting it. 

Once the scientific background handled, the second major task of the preparatory work was to get along 

with programming. Many scripts were provided by Lamarche and Beauchamp, Matlab scripts that were 

created by them for g-functions calculations. Hence, it was important for me before running my own 

simulations and building my own program to know what were the resources available. 

On parallel, many meetings with the condominium occurred. More related to my colleague’s Michel 

project, those meeting were planned to apprehend the installation, hear the inhabitants’ expectations and 

get documentation about the system. Therefore, it was for me an opportunity to obtain as much 

information as possible on the system, and particularly the borehole field. 

Once those first tasks finished (end scheduled by the end of November), the next step was to create a 

program to obtain g-functions for vertical boreholes configurations, based on the results of the 

preliminary worked carried out. Validating this program by comparing the results to those obtained by 

Lamarche and Beauchamp (Lamarche and Beauchamp, 2007) has concluded this step. 

The next step consists in evolving the program to take into account inclined configurations. The same 

validation process was done against Lamarche’s publications (Lamarche, 2011). 

Once the program done for vertical and inclined classic configurations, it was necessary to improve it in 

order to take into account more particular installations, with different inclinations, radius and non-

symmetrical layout.  

To validate this contribution, a large comparison between the FLS method and Eskilson’s results (based 

on numerical results) was planned. Of course this comparison was only to be done with symmetrical 

configurations, but the results should bring both confirmations that the modification does not affect 

symmetrical configurations and comparison material about the FLS process versus the numerical 

approach.  

Once this contribution validated, determining the g-function describing Syrenparken’s layout will be 

possible. 

The g-function is not the final goal. Getting an estimation of the heat carrier fluid temperature is the most 

interesting, in order to compare the simulated values with the measured ones in the installation. This step 

was based heat transfer modelling in the boreholes and considering the depletion of the ground properties 
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due to heat extraction. Collaborating with Michel Garnier was necessary for this task, since knowing the 

heat loads on the housing is required to evaluate the borehole field performance. The results obtained 

from this final task were used during the final meeting with the inhabitants of the condominium as a way 

to evaluate how good the borehole field is performing nowadays.  

4.2 Summary of the assumptions made  

Following the research background study done mainly during the literature review, many parameters used 

to model the heat transfer need to be defined for the GSHP system at Syrenparken. All the parameters 

can be seen in table 3, and they will be discussed in this part. 

Table 3 Summary of the main ground and pipes parameters 

Ground and boreholes properties 

Diffusivity                    

Thermal conductivity                  

Undisturbed temperature        

Groundwater level       

Borehole radius              

Borehole thermal resistance                   

Depth               

Inclination                

 

The diffusivity and thermal conductivity of the ground corresponds here to typical values for granite 

bedrock composition in Sweden. They were taken from Eskilson’s publication (Eskilson and Claesson, 

1987). 

The undisturbed ground temperature value was also assumed considering the localization of the 

installation: in an area near Stockholm, near Saltsjöbaden. Hence, an 8°C ground temperature was 

assumed to characterize the GSHP, according to other similar works done in the area (Acuña et al., 2007). 

This value will be confirmed later with field measurements. 

The groundwater level, defining the active length ratio, was measured by the companies which realized the 

drilling in 1998 and 2009. They reported a 5 meter level in the official documents describing the 

procedure. A tentative to measure on site was carried out in March 2014. However, in every borehole 

checked an important layer of ice located at the surface prevented from having access to any level. As a 

result, the groundwater level of 5 meters was kept for the total system. 

The borehole radius was given as 0.057 meter for every borehole, according to manufacturer data. A 

classic value of the thermal resistance in such a borehole with a U-pipe borehole heat exchanger 

is      
  

 
 . This value will be used in the simulations. 

Most of the parameter’s precision relies on manufacturer’s data in this project, or on assumed values 

extracted from similar projects. In order to see how impactful those parameters are on the results of the 

modelling process, sensitivity analysis studies will be performed in the results section.  
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4.3 Data acquisition from the installation 

Another crucial part of this project consisted in determining the heat consumption of the buildings, as 

well as temperatures in the hot side or of the heat carrier fluid on the borehole side. This was necessary in 

order to build a relevant model giving comparable values with acquired data describing how the system 

performs. 

Here, thanks to a fruitful collaboration with Michel Garnier working on evaluating the energy production 

of the installation, the heat consumption for VP1 VP2 and VP3 since November 2009 was determined. 

Those heat loads are given in figure 13 and 14. 

 

Figure 13 Heat load for VP1 and VP2 

 

 

Figure 14 Heat load for VP3 

The determination of the heat consumption in the apartments was based on assuming the electric power 

measured on the installation. An example of report extracted from the control software is given in 

Appendix 2. The electric power   can lead then to the heat generated by the system   thanks to the COP 

of the installation according to equation (13). 
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         (13)  

Those COP were determined using temperature measurements performed on the installation by an 

external company in February 2014. Then, the COP profiles were assumed year periodic, giving us the 

COP curves as function of the day. Those COP profiles can be seen in Appendix 3 for the three heat 

pumps.  

As can be seen on the graphs, no data were retrieved for VP1 and VP2 between 1999 and 2009. 

Therefore, it was necessary to build and estimation of the heat loads on this long period. It has been 

chosen here to keep the COP daily-profile similar over the first ten years. Concerning the heat generation, 

the same scheme available between 2009 and 2013 was reproduced in the first ten years (between 1999 

and 2009). For more details, the heat load assumed during this project is presented in Appendix 4. 

For the forecasts activities, the same profile acquired for the 3 heat pumps was used until 2033. If those 

estimations seem like a simplified way to describe the future loads compared to the real ones the system 

could endure, they remain coherent with the potential output of the heat pumps, and precise enough to 

get a global idea of how the system will behave in the next 20 years. Those heat loads are available in 

Appendix 5.  

Heat carrier temperatures are also accessible from the control software of the installation, measured on 

the last 7 months. For VP1 and VP2, measured temperatures were modified from the acquired data. 

Indeed, measurements performed by the company ETM in February 2014 showed that the sensors on 

VP1 and VP2 were giving incoherent values. An        offset between the sensors and real values was 

noticed for the two oldest heat pumps. All the acquired values were corrected with this offset, assuming a 

similar offset every day. This correction led to the values displayed in figure 15. 

The temperatures of the fluid in the boreholes connected to VP3 looked realistic. Hence no correction 

was realised on the acquired data, presented in figure 16. 

 

Figure 15 Measured average heat carrier temperatures in the borehole field linked to VP1 and VP2 
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Figure 16 Measured average heat carrier temperatures in the borehole field linked to VP3 

The data acquisition process was a real in terms of measurements reliability. Moreover, no data regarding 

mass flows were available on the installation, leading to a lack of measurement verifications possibilities. 

Indeed, assumptions were required to get the different profiles showed here, and there was no other way 

to have access to those values on this installation. 

4.4 Structure of the program designed 

The major task of this master thesis was to create a program, using Matlab, in order to simulate any 

borehole field behaviour throughout time. After having considering the research background and the data 

available from the installation. The program structure is schemed in figure 17. 

 

Figure 17 Structure of the Matlab program 
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Thanks to the important quantities of resources available from my supervisor José Acuña, many Matlab 

files adapted to the FLS approach introduced by Lamarche (Lamarche, 2011) were within reach. 

However, among all the scripts available, no structuring program and very few comments were given in 

each file. I had to go in all the different files available and get along with each line of the scripts, in order 

to understand what each file was doing, and which one were interesting for my project. Indeed, many 

scripts were corresponding to the g-function process, but they were not taking into account the same 

approach or parameters (inclinations, FLS or ILS), because they were covering all the Canadian scientists 

work. I had to organize those file. 

Once this inventory done, the useful modules for the purpose of this study were identified. Basically, the 

Matlab scripts for the “g-function calculation” process were available, but some adjustments and 

comments were necessary in order to help the user having a better comprehension of them.  

As a consequence, the data acquisition and treatment modules, the temporal heat load superposition 

principle, the fluid calculation module and the comparison between simulated and measured values had to 

be implemented. 
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5 Results 

This part will bring out the different results obtained from simulations done during the project.  

First, a comparison between the g-functions calculated by the program and the values obtained by 

Eskilson will be presented. 

Then, the g-functions calculated by the program corresponding to Syrenparken’s borehole field will be 

shown. 

Finally, the results of the calculation of the temperatures of the heat carrier fluid will be reviewed. 

5.1 Comparison with Eskilson 

Once the program finished and giving satisfying results compared to Lamarche and Beauchamp, a more 

extensive comparison was carried out with Eskilson’s numerical results (Eskilson 1986), (Eskilson 1987) as 

explained in 4.1. 

The comparison was done for 14 different vertical boreholes configurations and 7 inclined ones. Tables 4 

and 5 give the different sketches of the configurations tested. 

 

Table 4 Inclined configurations 
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Table 5 Vertical configurations 

 

For all configurations, common geometrical assumptions are taken: 

- 0.055 m borehole radius 

- 110 m depth borehole 

- Active length ratio of 
   

   
 

Those features are similar those Eskilson used in his work (Eskilson and Claesson, 1987). In order to 

assess globally the differences between the 2 approaches, it was chosen to evaluate the g-function at 4 
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different times, spread from short to long term. Since usually g-functions are determined and plotted 

versus the logarithm of the non-dimensional time  
 

  
, the values of numeric and analytical g-functions 

were compared at the 4 following moments: 

  (
 

  
)      

  (
 

  
)      

  (
 

  
)     

  (
 

  
)     

Those 4 values give a global trend for the g-functions, over a large range of time. 

A table summing up all the calculations and giving the errors between the 2 approaches is provided in 

Appendix 6 and Appendix 7. 

The error is calculated over the Eskilson’s value as follow in equation (14): 

 
  

 (        )   (   )

 (        )
 

(14)  

The first interesting thing that can be pointed out after this comparison is the computing time versus the 

number of boreholes. The FLS approach gives simulations time accessible for engineering design works, 

with CPU durations that increase almost linearly with the number of boreholes, as we can see in figure 18. 

 

Figure 18 Competing time of the FLS approach 

For most of the designed existing configurations (with less than 30 boreholes), the g-function calculation 

does not exceed 5 minutes, which gives another asset induced by the approach. However, it increases 

significantly when the number of boreholes goes higher than 40, remaining still lower than numerical 

methods. 

Another global result is the evolution of the absolute mean errors versus the number of borehole (figure 

19), plotted at each moment of comparison. 
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Figure 19 Absolute mean errors versus number of boreholes 

Globally, we observe a notable increase of the error when the number of boreholes increases, attaining an 

asymptotic value for the ln(-4), ln(-2) and ln(0) moments of respectively 1.8%, 2% and 5.3%. For the long 

range study (curve correspond to the error at ln(2)) no limit is reached, and the error between both 

methods becomes significant (around 14% average for 100 boreholes) 

Moreover, the error increases in absolute value the more the g-function characterizes the long range. 

Looking into the results more deeply shows that the error is negative, which means that the FLS method 

has a trend to overestimate g-functions values compared to Eskilson’s numerical method. 

A short comparison of the average absolute errors between inclined and vertical cases (number of 

borehole < 8, figure 20) shows the same pattern in the errors. 

 

Figure 20 Mean absolute errors for vertical and inclined configurations (n<8) 
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Most of the values were extracted from low resolution documents published by Eskilson. However, we 

can observe the fact that the errors are higher for the highest time values. This comparison gave satisfying 

results, validating the program for known configurations and showing already noticed tendencies the FLS 

has compare to numerical results.  

5.2 G-functions for the borehole field in Syrenparken 

The three g-functions corresponding respectively to the fields drilled in 1998, 2009 and the one 

regrouping those two layouts were calculated using the program developed previously. In order to get an 

easiest look at the results they were plotted versus the logarithm of the real time in figure 21. The 

conversion from the time ratio  
 

  
  was done by taking into account each characteristic time of the fields 

(see equation (10)). For the layout drilled in 1998 this characteristic time is 95 years, for the one drilled in 

2009 it is 135 years, and the characteristic time of the total field is 113 years. The average depth of each 

layout was used for estimating ts. 

 

Figure 21 g-function at Syrenparken 

On the long range, it is clear that the borehole field drilled in 1998 will be affected by more interactions 

than the one drilled 11 years later. Indeed, we can observe higher values for their respective g-functions. 

The geometrical layout, more compact, is the main reason justifying the interactions.  

In this project, we are working on a 30 years’ timeframe (which represents on the graph until ln(12.5)), and 

some discrepancies between the two fields can be seen also on the short period. 

It is also interesting to notice that when considering the total field, there will be more interactions (higher 

value of the g-function) with time. Those phenomenon become quite important after around 140 years (x-

axis value of ln(14)). 

5.3 Fluid temperature profiles in the boreholes 

In order to validate the temperature calculation module, based on temporal heat load superposition, a 

comparison was done between the measured temperatures of the fluid in the boreholes     on the 

installation the past 6 month and the predicted temperatures     . The profile for VP1-VP2 is plotted in 

figure 22 and the one for VP3 is plotted in figure 23. 
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Figure 22 Fluid temperatures measured and calculated for VP1 and VP2 

 

Figure 23 Fluid temperatures measured and calculated for VP3 

Several observations can be made from those results. First, for all heat pumps, the measures don’t match 

with calculated values in summer time. This is due to an initial choice to work with daily basis, at a period 
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the measurements. Also, the sensors are located indoors and they tend to show room temperatures when 

the heat pumps are not in operation. 

When looking at VP3 profiles, a temperature difference between measured and calculated values can be 
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difference can be observed in figure 23.  

However, a slightly higher difference is appearing in February 2014. The temperature difference there is 

reaching 3 degrees. This difference can be linked with the boiler experiment that was performed during 
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change made the original assumptions on the COP irrelevant, leading to a falsified heat load on the field. 

By and large, the temperature measured show and increase in the heat load on the borehole, increase that 

was not shown by the electrical consumption measurement, on which were based the heat consumption 

determination. The heat extraction rate has then been lowered compared to what the fluid temperature 

measurements show. Finally, this difference confirms the influence of the burner on VP3. 

Coming to VP1 and VP2, differences fluctuate between 1 and 5 degrees, reaching this max gap in the 

second half of January, after a global period with a 2 degree difference.  This error peak might have been 

provoked by sensors failure, since the measured temperatures went sky-rocketing while the outside 

temperature remained low, implying no big variation in the heat extraction rate, hence the brine 

temperature should have remained at around -4 °C and not going to 0. Hence, the comparison for January 

and February cannot be taken into account. 

 

Figure 24 Fluid temperatures differences between measured and calculated values 

5.4 Sensitivity analysis 

As explained in part 4.2, values were assumed to describe the generic properties of the ground at the 

localisation of the installation. Those assumptions were made considering ground properties of another 

installation located in Nacka, close to Saltsjöbaden. Therefore, a sensitivity analysis was necessary to assess 

the influence that changing those parameters would have on the results of the fluid temperature 

calculations.  

5.4.1 Sensitivity analysis of the undisturbed ground temperature 

The first analysis will be carried on the ground undisturbed temperature    . The temperature in 

Stockholm is around 8 °C, and this value has been chosen for the project. However, the real value could 

be slightly different, that is why simulations were done considering     equal to 7.5 °C and     equal to 8.5 

°C in this sensitivity analysis, for both systems. 

The measured temperature curve over the last 7 months is plotted in figure 25 for VP1 and VP2, with the 

results of the simulation with the different ground temperatures. The same graph for VP3 is presented 

figure 26. 
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Figure 25 VP1-VP2 fluid temperatures profiles with variable Tg 

 

Figure 26 VP3 Fluid temperatures profiles with variable Tg 

As it can be seen on the two previous figures, changing the undisturbed temperature only introduces an 
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5.4.2 Sensitivity analysis of the ground thermal conductivity 

A similar study was done with the ground thermal conductivity   . Assumed around     
 

  
, the values 

can slightly change depending on the nature of the ground. Else, simulations were done with   
 

  
  and 

  
 

  
  replacing the initial   .  

The difference in % between the simulated brine temperatures obtained with        
 

  
  and the other 

ones has been plotted. This difference has been calculated according to equation (15) with temperatures in 

Kelvin. 

 
     

   (      )     (  )

   (      )
 (15)  

For the system VP1-VP2 this difference can be seen in figure 27 and for VP3 in figure 28. 

 

Figure 27 VP1-VP2 fluid temperatures differences for variable kg 

 

Figure 28 VP3 fluid temperatures differences for variable kg 
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The formula in which    steps in is equation (12). The influence of this parameter is consequently 

depending on the heat extraction load variation and the g-function values. As a result, we obtain the 

percentage difference curves of the two previous graphs. 

However, we can conclude from this study that the variations induced by changing the ground conductive 

are negligible, representing only 0.6% for VP1-VP2 and 0.45% for VP3 in the periods the heat extraction 

loads are the highest. 

 

5.5 Boreholes wall temperature forecasts 

After studying the system as it is working nowadays, it was interesting to forecast how the borehole field 

will behave in the next 20 years. Assuming heat loads was necessary for this task; they have been 

introduced in 4.3.  

Those forecasts have been calculated using the program designed during this master thesis. The borehole 

whole temperature for VP3 is presented figure 29, those for VP1-VP2 figure 30. 

 

Figure 29 Borehole wall temperature forecasts for VP3 

 

Figure 30 Borehole wall temperature forecasts for VP1-VP2 
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For both systems, a decreasing temperature at the interface borehole-ground can be observed. For VP1-

VP2, the temperature will decrease by 2°C compared to today’s values. VP3 will be less affected with a 

temperature decreasing by 1.5°C.  

As a rule of thumb, every 1°C lost in the cold side represents a 3% efficiency reduction for the system. 

Hence, the borehole field in Syrenparken might lessen by around 6% efficiency for VP1-VP2 and around 

4.5% for VP3. This slight performance decrease will not affect so much the system and the behaviour of 

the fields will keep on being satisfying.  

Reloading the ground in summer time could reduce the impact of the heat extraction process in winter 

time, and restore the ground.   
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6 Discussion and limitations 

The different results show the different simulations that can be done with the program. The study case of 

a real installation has been a perfect application of the approach. It gave also many key points to consider 

regarding the strength and weaknesses of the method. We will now discuss those different points that will 

be useful to any person who would conduct a similar process. 

First let us have a look to the assumption and how they affect the results. The two sensitivity analysis 

carried out show the influences of the borehole ground properties. If those influences are small, they are 

not negligible.  

Therefore, coupling the simulations to on-site measurements of the ground properties could increase the 

precision of the modelling. Knowing of course precisely the different characteristics of the borehole 

(depth, layout and inclination) is also crucial. Simple groundwater level measurement with water sensitive 

probes, as well TRT or DTRT measurements are such example of on-site measurement compatible here. 

The ground properties will be checked with in situ tests in the future. 

A second crucial point is the exact knowledge of the heat extraction load. The approach conducted here 

to determine this depended on the data available from the control software. Those data were not reliable, 

and a very deep study carried out by Michel Garnier was necessary to build a realistic heat load profile for 

the installation. The task was more complicated than expected at the beginning of the project, due to a 

huge opacity on the reliability of the sensors on site. 

Thirdly, extending the program to consider hourly steps in the modelling instead of daily ones could 

improve the modelling, particularly in periods when the heat pumps are not turned on most of the day 

(summer time). Considering hourly loads would increase the computational time. But aggregation models 

could be used to avoid this time increase, without affecting the precision of the results. This improvement 

could really improve the temporal superposition module. 

The temperature measurements of the heat carrier fluid circulating in the boreholes (see part 4.2 and 5.3) 

are a perfect example of difficulties that had to be faced during the thesis. Such projects are dependent of 

the data acquisition on the installation. External measurements were necessary during the master thesis, 

and unfortunately, performing similar projects on other installations could require such action. 

However, once the previous points overcome, the method presented in this master thesis show many 

positive aspects. 

The first advantage of this approach is its adaptability to all configurations, symmetrical or not, with 

different boreholes depths. This is a staggering improvement as the commercial software products 

available today only handle symmetrical basic layouts. It also takes into account many properties of the 

ground, offering the possibility to adapt the simulations to a particular location and make the whole 

process completely adaptable to every installation. 

This tool is also useful for predicting how the ground will behave. Therefore, not only can it be used for 

performance following studies, it can be also used in a pre-design process. 

The g-function calculation tool used in the program relies on all the work done by Lamarche and 

Beauchamp, who have published state of the art methods to determine analytic g-functions. Their 

contribution ended with the fastest method to calculate those functions. This makes this approach very 

interesting compared to numerical methods. 
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7 Conclusion 

With the unexpected high fuel consumption in the oil-burner back-up system, some hypothesis regarding 

the design of a 270 kW GSHP system located in the outskirts of Stockholm were raised on the appliance 

and boreholes heat exchangers performance. This master thesis aimed at studying the second hypothesis 

i.e. the evolution of the thermal response of the borehole field. The installation is composed of 26 

boreholes arranged with and asymmetrical pattern, divided in two sub-sections connected to different 

heat-pumps. No thermal interaction was estimated to occur between these. The older field has been 

operating for 15 years and the second one for 4 years.  

At first, a model using Matlab was developed to evaluate the performance of the borehole heat 

exchangers. Contrary to available commercial software products, this program can take into account non 

symmetrical borehole fields’ layouts, considering particular depth, coordinates and radius for every 

borehole composing the field. As soon as the field layout is acquired, the program calculates the g-

function of the system, based on the FLS approach from Louis Lamarche and Benoît Beauchamp. Once 

the g-function calculated, temporal superposition of thermal loads was included in the program in order to 

predict the heat carrier fluid temperatures circulating in the boreholes. Comparing these temperatures to 

measured ones can help assessing how well performs an installation in terms of heat extraction process.  

Secondly, this model was applied to the GSHP of 270 kW. Measured thermal loads were used as input to 

calculate the heat carrier fluid temperatures over the last winter season. Those values were compared to 

measured temperature data, showing a rather good agreement in both installations.  

Thirdly, the program was used to predict the fluid temperature for the next 20 years. The forecasts 

resulted in a 2 Kelvin further decrease of the ground temperature compared to today’s values. Based on 

those results, the borehole field was judged to operate properly, which has driven the optimisation process 

on other parts of the system.   

Finally, all the discussions with the condominium and industrials during the final presentation of the 

project ended with very interesting advice regarding the optimization of the GSHP system. The 

satisfaction of all the people involved in this thesis makes this project a staggering experience that will be 

hopefully reproduced with other installations. For both design of performance audit of GSHP, the 

program developed during this project is a potential toolbox for many applications in the heat pump 

industrial sectors.  
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Appendix 1: GANTT diagram of the master thesis 
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Appendix 2: Example of energy report from the control board 

of the installation 
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Appendix 3: COP daily profiles established for 2013 
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Appendix 4: Heat consumption profiles for VP1-VP2 and VP3 

from their set up until today 
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Appendix 5: Heat consumption profiles for VP1-VP2 and VP3 

assumed for the forecasts 
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Appendix 6: Comparison FLS-Eskilson for vertical 

configurations 

Configuration 
g-function FLS Eskilson Error (%) 

Time 

(s) 
number of 

boreholes 
values of ln(t/ts) values of ln(t/ts) values of ln(t/ts) 

Name B/H rb/H Alpha -4 -2 0 2 -4 -2 0 2 -4 -2 0 2 
1 vertical borehole 0 0.0005 0 4.83 5.7 6.34 6.57 4.86 5.75 6.43 6.69 0.61 -0.70 -1.10 -0.60 2 1 

2 vertical boreholes 

0.05 0.0005 0 5.25 6.88 8.16 8.62 5.28 6.97 8.31 8.82 1.49 -0.58 -2.09 -1.26 6 2 

0.15 0.0005 0 4.84 6.02 7.21 7.66 4.86 6.08 7.34 7.84 0.61 -1.33 -2.51 -1.69 5 2 

0.3 0.0005 0 4.83 5.74 6.73 7.16 4.86 5.8 6.84 7.32 0.61 -0.87 -0.74 -1.53 5 2 

4 vertical boreholes line 

0.05 0.0005 0 5.54 8.23 10.69 11.6 5.58 8.36 10.95 11.96 -2.76 -1.83 -1.48 -2.75 17 4 

0.15 0.0005 0 4.84 6.22 8.11 8.97 4.87 6.29 8.28 9.24 1.22 0.00 -0.85 -1.87 12 4 

0.3 0.0005 0 4.83 5.76 7.01 7.74 4.86 5.82 7.14 7.95 0.00 0.68 -0.56 -0.25 11 4 

8 vertical boreholes line 

0.05 0.0005 0 5.69 9.32 13.67 15.45 5.73 9.48 14.01 16.05 -4.18 -0.85 -3.01 -4.90 46 8 

0.15 0.0005 0 4.85 6.32 8.78 10.24 4.87 6.4 8.99 10.61 0.61 0.00 -1.01 -4.02 30 8 

0.3 0.0005 0 4.83 5.77 7.16 8.18 4.86 5.83 7.3 8.43 0.82 1.19 0.00 -0.36 28 8 

16 vertical boreholes line 

0.05 0.0005 0 5.76 9.93 16.35 19.62 5.8 10.12 16.9 20.52 -1.58 -1.20 -5.62 -8.00 128 16 

0.15 0.0005 0 4.85 6.38 9.14 11.16 4.87 6.45 9.37 11.61 2.60 1.83 -2.52 -2.83 89 16 

0.3 0.0005 0 4.83 5.78 7.24 8.42 4.86 5.83 7.38 8.69 0.00 2.83 0.67 1.92 80 16 

4 vertical boreholes square 

0.05 0.0005 0 5.88 8.94 11.47 12.39 5.92 9.08 11.75 12.77 1.33 -0.89 -2.17 -2.16 19 4 

0.15 0.0005 0 4.85 6.48 8.67 9.57 4.87 6.56 8.88 9.87 2.60 -0.92 -1.49 -2.60 12 4 

0.3 0.0005 0 4.83 5.79 7.32 8.14 4.86 5.85 7.46 8.38 0.21 0.34 -1.08 -1.58 11 4 

2*3 vertical boreholes 

0.05 0.0005 0 6.17 10.37 14.1 15.48 6.21 10.56 14.5 16.01 0.16 -2.23 -2.76 -3.69 36 6 

0.15 0.0005 0 4.85 6.68 9.63 10.94 4.88 6.77 9.89 11.34 0.20 0.15 -2.28 -3.09 21 6 

0.3 0.0005 0 4.83 5.8 7.61 8.76 4.86 5.86 7.77 9.04 0.61 0.51 0.13 -1.69 19 6 

3*3 vertical boreholes 

0.05 0.0005 0 6.5 12.28 17.79 19.84 6.56 12.52 18.35 20.62 -0.92 -2.88 -4.86 -6.67 47 9 

0.15 0.0005 0 4.85 6.9 10.89 12.81 4.88 7 11.21 13.35 0.41 0.00 -1.91 -6.80 38 9 

0.3 0.0005 0 4.83 5.82 7.96 9.56 4.86 5.88 8.14 9.91 0.82 0.34 0.37 -4.32 34 9 

3*5 vertical boreholes 

0.05 0.0005 0 6.79 14.66 23.44 26.84 6.85 14.99 24.26 28.02 0.00 -3.38 -8.30 -12.08 156 15 

0.15 0.0005 0 4.86 7.09 12.26 15.38 4.88 7.19 12.78 16.01 2.40 -2.71 -6.50 -8.18 87 15 

0.3 0.0005 0 4.83 5.83 8.27 10.48 4.86 5.89 8.47 10.93 0.82 1.83 0.35 -3.11 75 15 

12 vertical borehole 

rectangle 

0.05 0.0005 0 6.05 11.9 18.8 21.5 6.1 12.14 19.43 22.43 1.13 -1.17 -6.00 -9.41 98 12 

0.15 0.0005 0 4.85 6.57 10.44 12.79 4.87 6.65 10.75 13.35 2.60 2.64 -2.38 -5.37 58 12 

0.3 0.0005 0 4.83 5.79 7.57 9.22 4.86 5.84 7.73 9.56 2.80 1.02 1.28 -2.47 54 12 

10 boreholes U 

0.05 0.0005 0 5.82 10.61 16.34 18.6 5.86 10.81 16.87 19.36 2.33 -1.98 -5.44 -8.16 69 10 

0.15 0.0005 0 4.85 6.41 9.58 11.53 4.87 6.49 9.84 12 2.60 0.15 -3.58 -5.91 44 10 

0.3 0.0005 0 4.83 5.78 7.32 8.67 4.86 5.83 7.47 8.96 0.82 1.19 0.40 -1.47 41 10 

4*8 boreholes rectangle 

0.1 0.0005 0 5.09 9.79 20.85 27.22 5.13 9.98 21.69 28.73 -0.59 -1.84 -8.45 -15.38 360 32 

0.3 0.0005 0 4.83 5.85 8.69 11.99 4.86 5.91 8.92 12.58 0.82 1.50 0.89 -6.61 281 32 

0.5 0.0005 0 4.83 5.7 6.97 8.76 4.86 5.76 7.1 9.09 0.82 2.37 -1.43 -2.13 266 32 

5*10 boreholes rectangle 

0.1 0.0005 0 5.11 10.2 24 33.46 5.14 10.42 25.23 35.47 -2.80 0.76 -10.66 -20.24 781 50 

0.3 0.0005 0 4.83 5.86 8.9 12.92 4.86 5.92 9.15 13.61 0.82 -2.07 -1.67 -6.33 640 50 

0.5 0.0005 0 4.83 5.7 7.01 9.02 4.86 5.76 7.14 9.38 0.82 4.00 3.51 0.21 580 50 

10*10 boreholes rectangle 

0.1 0.0005 0 5.13 10.82 30.38 46.78 5.16 11.05 31.77 49.94 -3.20 -4.25 -15.11 -32.12 2790 100 

0.3 0.0005 0 4.83 5.87 9.21 14.49 4.86 5.93 9.47 15.35 0.82 1.17 0.32 -9.64 2247 100 

0.5 0.0005 0 4.83 5.7 7.05 9.4 4.86 5.76 7.2 9.81 0.82 0.69 0.00 -2.19 2064 100 
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Appendix 7: Comparison FLS-Eskilson for inclined configurations 

Configuration 
g-function FLS g-function FLS Error (%) 

Time (s) 
number of 

boreholes 
values of ln(t/ts) values of ln(t/ts) values of ln(t/ts) 

Name B/H rb/H Alpha Beta -4 -2 0 2 -4 -2 0 2 -4 -2 0 2 

2 inclined boreholes 
0.1 0.0005 10 90, -90 4.87 5.98 7.15 7.63 4.93 5.93 7.07 7.43 1.22 -0.84 -1.13 -2.69 5 2 

0.1 0.0005 30 90, -90 4.85 5.81 6.65 7.03 4.86 5.79 6.57 6.93 0.21 -0.35 -1.22 -1.44 4 2 

4 inclined boreholes line 
0.1 0.0005 10 90, -90,  90, -90 4.88 6.29 8.34 9.29 4.93 6.14 8.07 9 1.01 -2.44 -3.35 -3.22 12 4 

0.1 0.0005 30 90, -90,  90, -90 4.86 6.02 7.49 8.23 4.93 5.93 7.21 8 1.42 -1.52 -3.88 -2.88 10 4 

6 inclined boreholes line 
0.05 0.0005 10 90,-90, 90, -90, 90, -90 5.06 7.45 10.72 12.17 5.05 7.44 10.33 11.56 -0.20 -0.13 -3.78 -5.28 23 6 

0.05 0.0005 30 90,-90, 90, -90, 90, -90 4.98 6.88 9.21 10.33 5 7 8.95 9.89 0.40 1.71 -2.91 -4.45 21 6 

4 inclined boreholes square 
0.1 0.0005 10 45, 135, -45, -135 4.86 5.98 7.73 8.64 4.95 5.89 7.56 8.44 1.82 -1.53 -2.25 -2.37 11 4 

0.1 0.0005 30 45, 135, -45, -135 4.86 5.8 6.87 7.52 4.95 5.78 6.89 7.33 1.82 -0.35 0.29 -2.59 10 4 

6 inclined boreholes circle 
0.1 0.0005 10 180, 120, 60, 0, -60, -120, -180 4.87 6.36 8.98 10.36 4.95 6.22 8.67 10 1.62 -2.25 -3.58 -3.60 19 6 

0.1 0.0005 30 180, 120, 60, 0, -60, -120, -180 4.86 5.92 7.44 8.42 4.89 5.78 7.22 8.11 0.61 -2.42 -3.05 -3.82 17 6 

4+1 middle inclined boreholes circle 
0.1 0.0005 10 90, -90,  90, -90, 0 4.87 6.32 8.68 9.85 4.95 6.33 8.44 9.44 1.62 0.16 -2.84 -4.34 13 5 

0.1 0.0005 30 90, -90,  90, -90, 0 4.86 5.91 7.36 8.25 4.89 5.89 7.22 8 0.61 -0.34 -1.94 -3.13 11 5 

6+1 middle inclined boreholes circle 
0.1 0.0005 10 180, 120, 60, 0, -60, -120, -180, 0 4.89 6.69 9.91 11.53 4.87 6.62 9.5 11 -0.41 -1.06 -4.32 -4.82 26 7 

0.1 0.0005 30 180, 120, 60, 0, -60, -120, -180, 0 4.86 6.02 7.92 9.13 4.87 6 7.62 8.62 0.21 -0.33 -3.94 -5.92 22 7 
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