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Abstract 
 

Ground Source Heat Pumps (GSHPs) are relevant systems for space heating and cooling, very 

common in Sweden since 1970s. More than one million heat pumps have been sold by Swedish 

companies. The Energy Technology Department of KTH is working on the optimization of such 

application in the context of EFFSYS+ which is a national swedish project to keep the industry in a 

front position for the refrigeration systems and heat pump technology by a strong cooperation with 

the research institutes. Thermal Response Tests (TRT) were in earlier years developed in order to give 

an estimation of the average thermal properties of the ground over the length of the borehole heat 

exchanger (BHE). Further studies have been recently carried out using Distributed Thermal Response 

Tests (DTRT) based on temperature measurements along the borehole depth. This test permits the 

determination of the local ground thermal properties and local thermal resistances inside the 

borehole, which may be essential in the design of large Ground Coupled Heat Pump system (GCHP). 

A DTRT may provide information about different rock types, presence of groundwater flow and rock 

fissures, influence of surrounding buildings on ground temperature, among others. The analysis of 

the measured temperatures has been done previously using the so-called Line-Source model 

considering a stratified subsurface. In order to compare with the analytical approach, this numerical 

work simulates the ground with the commercial software COMSOL taking into account the temporal 

variations of the heat injection rate. An optimization module using a global least square approach is 

implemented to get a model which fits best the experimental data. 

 

Keywords: Borehole Heat Exchanger, Thermal Response Test, Distributed Thermal Response Test, 

Ground Source Heat Pumps 
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Résumé 
 

Les pompes à chaleur géothermiques constituent un système approprié pour le chauffage et la 

climatisation dans les bâtiments, très utilisé en Suède depuis les années 70. Les entreprises suédoises 

ont installé plus d’un million de pompes à chaleur. 

Le département « Energie et Technologie » de KTH (Stockholm) travaille sur l’optimisation de ces 

systèmes dans le cadre du projet national suédois intitulé EFFSYS + dans le but de maintenir 

l’industrie suédoise au premier rang mondial dans les domaines de la réfrigération et des pompes à 

chaleur tout en coopérant avec les instituts de recherche. 

Les tests par réponses thermiques (TRT) ont été mis en place depuis quelques années afin de fournir 

une moyenne des propriétés thermiques du sol sur toute la hauteur du puits géothermique. Des 

études plus approfondies ont été réalisées récemment en utilisant un test par réponse thermique 

distribué qui consiste en des mesures de température le long du puits géothermique. Ce dernier 

permet l’évaluation locale des propriétés thermiques du sol ainsi que celle de la résistance 

thermique du trou, ce qui est essentiel dans le design des pompes à chaleur géothermiques. Ce test 

fournit des informations sur les différentes roches du sol, la présence éventuelle d’eau souterraine et 

de fissures, l’influence de l’urbanisation sur la température du sol… 

L’analyse des températures mesurées lors d’un tel test a été précédemment réalisée en utilisant le 

modèle dit de la ligne source finie pour un sol stratifié. Pour comparer avec cette méthode 

analytique, ce travail numérique simule le sol grâce au logiciel COMSOL tout en prenant en compte la 

variation temporelle du flux de chaleur injecté. Un module d’optimisation basé sur la méthode des 

moindres carrés est implémenté afin d’obtenir une superposition des courbes de températures 

mesurées et calculées. 

Mots clés: Tests par réponses thermiques, sondes géothermiques, pompes à chaleur géothermiques
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Abbreviations and Nomenclature 
 

GSHP : Ground Source Heat Pump 

BHE : Borehole Heat Exchanger 

TRT : Thermal Response Test 

COP : Coefficient of Performance 

 : Compressor power [W]  

: Pumping power [W] 

 : Power supplied by the condenser side of the heat pump [W] 

 : Total thermal resistance of the ground [K.m/W] 

Bedrock thermal resistance [K.m/W] 

: Borehole thermal resistance [K.m/W] 

: Thermal resistance of the secondary fluid [K.m/W] 

: Thermal resistance of the pipe [K.m/W] 

: Thermal resistance of the filling material [K.m/W] 

: Secondary fluid mean temperature [°C]  

: Temperature at the borehole wall [°C] 

Radius at undisturbed ground conditions [m]  

 : Borehole radius [m] 

Ground thermal conductivity [W/mK] 

 : Undisturbed ground temperature [°C] 

 : Exponential integral function 

q : Heat transfer rate [W/m]  

 : Thermal diffusivity of the soil [m2/s] 

 : Constant of integration ( ) 

: Density of the circulating fluid [kg/m3] 

: Fluid temperature difference between the inlet and the outlet of each section  [K] 

 : Specific heat [J/(kg.K)]
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I. Introduction 

A. Ground Source Heat Pumps (GSHPs) 
 

Nowadays, finding a renewable energy technology for space heating and cooling has become a real 

challenge. Ground Source Heat Pumps (GSHPs), also called geothermal heat pumps, are receiving an 

increasing interest. It’s a highly efficient technology, well-established in Europe. This system is based 

on the relatively constant temperature of the Earth not depending on the variation of the outside 

temperature but only on the urbanization of the area. A ground heat pump can transfer heat stored 

in the Earth into a building during the winter, and transfers heat out of the building during the 

summer. GSHPs have a potential to reduce energy consumption and thus, reduce emissions of 

greenhouse gases (like CO2). 

GSHPs rely on a simple thermodynamic process which consists of 4 key events: evaporation, 

compression, condensation and expansion of a refrigerant fluid. The exchanges of heat with the 

ground take place in the ground loop by the circulation of a secondary fluid under saturated 

conditions through a Borehole Heat Exchanger (BHE) commonly known as a U-pipe BHE. The 

secondary fluid is usually an anti-freeze aqueous solution of ethanol or glycol. 

For a heating demand, the collected heat from the ground is delivered to the evaporator of a heat 

pump. The system is reversible, thus for a cooling demand, the refrigerant fluid rejects heat and 

becomes cooler by thermal exchanges with the secondary fluid.  

A turbulent flow has a lower thermal resistance 

than a laminar flow. So, it is necessary to keep 

the fluid under turbulent conditions to get the 

lowest cost. 

In Sweden, the space between the BHE pipes is 

filled with water instead of backfill material in 

other countries in Europe. 

The overall efficiency of the system is 

represented by the Coefficient of Performance 

(COP) where is the power supplied by the 

condenser side of the heat pump [W],  is 

the compressor power [W] and is the 

pumping power [W].  

Figure 1 : GSHP basic schematic. 

    (1) 

To get the best efficiency, the power supplied needs to be as small as possible; so BHE has to be 

optimized.  
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B. Thermal Resistance of the borehole Rb and Thermal conductivity λrock 
 

The design of the GSHP requires knowledge of the thermal resistance of the borehole ( ) and the 

thermal conductivity of the ground ( ). Both parameters have to be known as a function of the 

depth with a good accuracy.  

 

 

The total thermal resistance of the ground ( ) can 

be defined by the sum of the bedrock thermal 

resistance ( ) and the borehole thermal 

resistance ( ).  

  [K m/W]   (2) 

The borehole thermal resistance is the resistance 

between the secondary fluid in the U-pipe and the 

borehole wall. It can be expressed as follows:   

 [K m/W]   (3) 

 is the thermal resistance of the secondary fluid 

that circulates in the pipe,  is the thermal 

resistance of the pipe, and  is the thermal 

resistance of the filling material. 

Figure 2: Thermal Resistance in BHE (Monzó, 2011) 

 

 

Using basic laws of thermal transfers, the borehole resistance and the ground resistance are 

simplified: 

     (4)            [K.m/W] (5) 

In these equations, the borehole resistance depends only on the secondary fluid mean temperature 

( ) and the temperature at the borehole wall ( ). The bedrock resistance varies with the ratio of 

the radius at undisturbed ground conditions ( ) and the borehole radius ( ), and with the ground 

thermal conductivity ( ). 

These parameters can be determined by using the TRT principle. In this case, the goal is not to heat 

or cool a space but just to get more precise information about those parameters. 
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C. Thermal Response Test (TRT) 
 

TRT is an estimation method. It allows in-situ determination of the thermal properties necessary for 

the design of the BHEs. The two most important properties are the ground thermal conductivity 

( ) and the thermal resistance within the borehole ( ). 

Basically, a TRT equipment can operate as an injector (or an extractor) of heat into the borehole. A 

fluid is circulating through the borehole and is heated (or cooled) by thermal exchanges with the 

surrounding ground. 

In this project, the TRT apparatus injects a heat load into the borehole. One of the difficulties in 

building this equipment was to get a constant heat power injected. The fluctuation in the heat 

supplied causes disturbances in the evaluation. 

Before the heat injection, the undisturbed ground temperature ( ) is measured. This temperature 

will be useful to compute the thermal properties of the system. 

The measured data of the TRT corresponds to the temperature difference between the circulated 

fluid’s inlet and outlet temperature. Moreover, recently, it has been suggested to also measure 

temperature variations inside the BHE. The purpose is to determine the thermal properties as a 

function of the depth. This method, also called Distributed Temperature Sensing (DTS), consists in 

measurements of the temperature along the borehole thanks to optical fiber cables. Using this 

technology, the undisturbed ground profile as well as the fluid temperature at any time of the 

process, can be known.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 : Schematic view of a standard TRT equipment (Kamarad, 2012). 
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The theory behind the analysis of a TRT has existed for many years. However, the TRT method was 
first used, only thirty years ago, by Mogensen (1983) and then by Eskilson et al (1987) and Claesson 
and Hellström (1988). Later, at the end of the nineties, the thermal response test was further studied 
by Gehlin and others, e.g. Gehlin (2002).  
 
The Distributed Thermal Response Test (DTRT) was developed during the last ten years. A pioneer 
work on the DTRT was done by Fuijii et al. (2006). The experience was done using an optical fiber 
cable located on the external wall of the BHE. In that case, the borehole resistance was not 
determined and only the thermal conductivity profile was obtained. 
 
In 2009, Fuijii et al went further on this field by measuring the temperature inside the U-pipe and 
then use a cylindrical source function G (Ingersoll et al, 1954) to analyse the data logged. 
 
Recently, the borehole resistance was determined by measuring the temperature of the carrying 
fluid inside the U-pipe (Acuña J. , 2013) and the measurements were analysed with the line source 
model.  
 

D. Theory of Thermal Response Tests 
1. Line source model 

Mogensen was the first to include the borehole resistance in the line source model, and the first to 

publish a TRT. He presented this model at the “Stock” Conference in Stockholm in 1983. This simply 

model consists on an unsteady heat conduction problem in a semi-infinite isotropic homogeneous 

constant properties in which a line source is present. 

The Line Source Model assumes the following simplifications:  
 

 the thermal properties of the heat exchanger and the soil are the same; 
 the working fluid pipe is placed on the symmetry axis of the system and its diameter is negligible; 
 the fluid temperature remains constant along the axial direction; 
 convection heat transfer effects are neglected in the ground 
 

In the early regime, when the capacitive effects of the heat exchanger are relevant, this simplified 

model is expected to give a poor estimation of the real properties behaviours.    

According to (Ingersoll, 1948), the temperature at any distance from the pipe is given by the 

following equation:  

 (6) 

Where is the integral exponential function,  is the thermal conductivity, α is the thermal 

diffusivity of the soil. 

For sufficiently large values of the parameter   , the equation can be expressed by: 

    (7) 
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Then, the secondary fluid mean temperature is expressed as follows, taking into account the 

equation (4). 

 (8) 

The equation above (8) can be rewritten as a linear equation:   (9), introducing:  

      (10)    

 (11) 

From the knowledge of the coefficient , the thermal conductivity of the ground (  can be easily 

derived. Assuming that the soil diffusivity is known and m is estimated   is also recovered by the 

equation (10). 

2. Numerical Models 

One other way to analyse the thermal response test is to use numerical models. They allow a more 

detailed design of the borehole as well as a more precise analysis regarding the heat transfer 

between the fluid, pipe, filling material and ground. 

A parameter estimation based method in a one dimensional finite difference model was done by 
Shonder et al. (1999). The cylinder-source representation was used and the inlet and outlet pipes of 
the U-pipe borehole are represented by one cylinder. A thin film completes this model and 
represents a resistance without heat capacity. Moreover, a layered ground with different ground 
thermal properties from the surrounding region is implemented. 
 
Later, a transient two-dimensional numerical finite model was developed by Austin (1998) and Austin 
et al. (2000). Recently, a 3D model was developed by Schiavi (2009) using the commercial software 
Comsol Multiphysics which is a finite element software. The governing partial differential equations 
of heat transfer are taken into account in this model. This 3D model, based on line source model, 
allows the determination of ground parameters in more complex geometric configurations. 
 

The closest article to my work was written by Raymond et al (2012). In order to determine the 

vertical variations of the subsurface thermal conductivity, a 3D model of a U-pipe borehole heat 

exchanger was created with Comsol Mutiphysics 4.2. The U-pipe thermal conductivity is given as an 

input value and varies with depth to simulate that the position of the pipes is not constant in the 

borehole. This assumption is the only difference with my work. In their model, also the heat injection 

rates are given as well as the borehole length and radius.  The MLU program which is originally used 

for the analysis of pumping tests in a stratified subsurface was used for the calculation of the heat 

injected in every section. For this work, the ground is divided into 3 sections instead of 12 in my case. 

 

E. Objectives 
 

The main goal of this project is to build a numerical model with the commercial software Comsol in a 

stratified subsurface by using the measurements inside a U-pipe during a DTRT. This model should be 

able to give a thermal conductivity profile as well as a thermal resistance profile.  
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II. 3D drawing of a new Thermal Response Test apparatus 
 

 

As an introduction of this project a 3D 

drawing of the next Thermal 

Response Test apparatus was done. 

By using the software Solid Edge, a 3D 

drawing of the thermal response test 

apparatus was created. 

Here, different pictures show the 

drawing and give an idea of how this 

system works. 

Figure 4: Top view of the TRT apparatus 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5: Side view of the TRT apparatus 
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In the table below, the elements of the TRT apparatus are presented according to the numbers in the 

previous figure. 

 

Number Element of the TRT apparatus 

1 Electric box 

2 Actuated ball valve 

3 Water Tank 

4 Pump 

5 Expansion vessel 

6 Electric heater 

7 Flow meter 

8 Pump control unit 

9 Air vent 

10 Valves for inlet/outlet pipes 
Figure 6: Legend of the side view of the TRT apparatus 

 

Some details have been neglected in this 3D drawing but all the main elements are represented. 

The fluid circulates in the U-pipe thanks to the pump. Before entering the pipe, the fluid is heated up 

by an electric heater. The electric box which contains the computer allows an instantaneous 

visualisation of the flow, the heat injected and the opening of the ball valve. The commercial 

software Labview controls those parameters.  
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III. Methodology for numerical model 
 

In 2008-2009, José Acuña conducted a DTRT in the south of Stockholm 

and an analytical analysis of the results by using the Line Source 

model. 

The studied borehole is 260 meters depth, water filled and the 

circulating fluid is an aqueous solution with 20% volumetric 

concentration of ethanol. The diameter of the hole is 140 mm. 

The objective of this test is to find a borehole resistance profile as well 

as a thermal conductivity profile along the depth thanks to the 

measurements done by an optical fiber cable. This optical fiber cable 

is situated inside the U-pipe and allows the measurements of the 

temperature of the secondary fluid inside the pipe. 

As seen in the picture on the right, the borehole is divided into 12 

sections of 20 meters in depth each. 

The first ten meters are neglected as the outside temperature 

influences the temperature of the ground. In addition, the heat 

transfer between two parts of the U-pipe at the bottom of the 

borehole is not considered. 

Figure 7: borehole sectioning. 

 

This DTRT consists of four phases and takes around 160 hours in 

total.  

First, the undisturbed ground temperature was measured 

without any circulating fluid during three days. The undisturbed 

ground temperature varies along the depth as seen in the 

measured profile on the left. Second, a precirculation stage was 

carried out without heat injection for 24 hours. After that, during 

the third phase, a constant heat power (9kW) was injected for 48 

hours. The measured data in this phase allows the determination 

of the value of the thermal resistance and the rock thermal 

conductivity along the BHE. Finally, in the fourth phase, the 

borehole recovery was observed by measuring the temperature 

with no heating nor fluid circulation during 24 hours. In this 

thesis, data from the second and third phases are taken into 

account for the estimation of ground properties. 

Figure 8: Undisturbed ground temperature profile. 
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In order to determine the thermal conductivity and the thermal resistance along the borehole, the 

heat flux injected in each section is needed as an input of the numerical model. The calculation with 

the formula below, takes into account the fluid properties and the temperature difference between 

the inlet and outlet temperature in each section for the ascending and descending pipes.  

  (12) 

 

Here, as an example, is the heat injected in Section 6 which is the first studied section. 

 

Figure 9: Heat flux injected in Section 6. 

A. 1D model for Section 6 
 

The chosen section is the 6th section between -110m and -130m. In this section, the undisturbed 

ground temperature is 8,61 °C. Only the ground is simulated. 

1D and 2D models in Comsol Multiphysics 4.3 have been done.  

Two cases are treated: 

 Optimization of  with a given  

 Optimization of  and  
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λrock q (t)/20 

Tbhw To 

    

r
ground

=2,5 m 

r=0 

r
borehole

=0,07 m 

Geometry 

First, a simple geometry is created. In 1D model the geometry used is an interval that represents the 

ground. On the left boundary, the heat flux varying with time is injected and on the right boundary 

the undisturbed ground temperature is given. The initial value of the simulation is also set to the 

undisturbed ground temperature. 

 

 

 

 

 

 

Figure 10: Schematic drawing of the 1D model for Section 6. 

 

The heat flux was calculated for a layer of 20 meters height so approximately the heat injected is 

divided by 20 to be as close as possible from the reality. 

Mesh 

As Comsol is a finite element software, the number of elements and their position in the model are 

key parameters in the solving process. A correct mesh is found as soon as the result, the thermal 

conductivity in that case, does not change if the mesh is refined. 

The computing time increases when a refining of the mesh is performed. 

In the following case, the mesh consists of 250 points that are located very close to each other where 

the heat flux is injected. As it will be shown later, the heat does not go very far inside the rock (less 

than 50 cm) that’s why the space between the elements is increased as we move far from the heat 

injection point. The placement of the elements is done by using the “Distribution” tool. 

 

Figure 11: Mesh of 1D model for Section 6. 
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Modules and Solvers 

Two modules are used in this simulation:  

 an Heat Transfer in Solids module 

In this module, the boundary conditions are defined as well as the initial value for the computation. 

Also, the specific heat and the density of the ground are given, in order to solve the following basic 

equation for heat transfer:  

   (13) 

The thermal conductivity of the ground is defined as a variable.  

 an  Optimization module 

A least square method is used inside this module. A txt file with the experimental measurements of 

the fluid temperature in section 6 is an input of this module. The software will adjust the conductivity 

of the ground until the global least square error between the computed and measured temperatures 

of the fluid becomes as small as possible with a predefined optimality tolerance of 10-6. 

 

All the steps explained before are set in the Comsol 

“tree” as seen of the left. 

The calculated temperature at the borehole wall 

 is one variable, the conductivity of the rock 

 is a second variable.  

Inside the study 1, a time dependent solver is 

implemented in the optimization solver node.  

The SNOPT method is used in this case and can 

solve any type of optimization problem. The code 

was developed by Philip E. Gill of University of 

California San Diego, Walter Murray and Michael 

Saunders of Stanford University. The algorithm uses 

a gradient-based optimization technique to find 

optimal design parameters. 

Here, the problem is called inverse problem as the 

software is looking for the conductivity that best 

matches the measured data. 

Figure 12: Comsol "tree" for 1D model. 
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Equation 

As the measured data represents the temperature of the circulating fluid whereas the computed 

temperature is only at the borehole wall, the thermal resistance of the borehole needs to be taken 

into account in the model by using the following simple equation: 

  (14) 

Then, Comsol can calculate the fluid temperature and solve the inverse problem even if  is set as a 

constant or as variable that will be optimized. 

 

B. 2D model for Section 6 
 

A numerical 2D model representing one layer is built with a final objective to extend it to a model 

with 12 layers. For this model, the curve fitting between the circulating fluid temperature and the 

computed one is obtained by using an average for the temperature at the borehole wall along the 

depth of the section. 

Geometry       Mesh 

 

 

 

 

Figure 13: Schematic drawing of the 2D model for Section 6. Figure 14: Mesh of 2D model for Section 6 
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. 

C. 12 sections model  
 

Modules and Solvers are the same as presented 

previously for the 1D model. Also the equation given to 

the software is the same. 

Here a 12 sections model is built in order to find all the 

conductivities in one computation. 

For the 12 section model everything is multiplied by 12. 

All the heat rates are given in each layer as well as all 

the circulating fluid temperatures for the optimization 

solver. 

As seen in the figure on the left, also all the initial 

temperatures are given. 

 

 

Figure 15: View of the initial temperatures in the 2D model with 
12 sections. 

 

 

D. Proportion of the heat flux injected in each section 
 

Another investigation was conducted about the heat flux injected in every section. In the ideal case, 

the heat flux that goes in every section should be optimized as well. The heat is not divided equally 

between the sections. Depending on the thermal conductivities of the ground, the heat goes more in 

one section or in another one. Among the ongoing improvements of the DTRT, one of them consists 

of installing the optical fiber cable in the backfilling material instead of inside the circulating fluid. 

This will lower the cost of a DTRT as the optical fiber will be taking over after the test in order to 

reuse it after. For this reason, a new way to find the heat rates is required as the equation 12 is not 

applicable (the temperature of the fluid is not measured in this case). Only the total heat injected at 

the top of the borehole is known. 

One idea to solve this problem is to consider the thermal temperature profile for different time as 

seen in Figure 16 and to calculate the difference between the initial temperature of the ground 

(undisturbed ground temperature) and the temperature of the ground close to the end of the heat 

injection for different times (t=40h, t=50h, t=60h, t=70h). This profile can be measured inside the U-

pipe or outside in the filling material. Due to the heat injected, the temperature increase and a direct 

relation of proportionality can be used as a first approximation. At t=40h, the area between the 

orange curve and the first blue curve represents all the heat injected in all the sections. Now, to find 

the heat injected in section 6, for example, this area is calculated between -110m and -130m. Then, 

the proportion of the total heat that goes in every section can be calculated easily. 

50 
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In Figure 17, the calculated proportions of heat flux and the measured ones seem close to each other 

for every section. The approximation is good but not perfect, excepted for section 3. This 

approximation is a starting point for next improvements. A more detailed method will be created in 

the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Temperature profile for different time 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Comparison between the measured heat flux injected in each section and the computed ones. 
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IV. Results and Discussion 
 

A. Results of the optimization for Section 6 
 

1. Optimization of  

According to (Acuña J. , 2013), for section 6,  

 

With this given  , the optimization is done only for . 

By using the method described in the previous part of this report, the curve fitting is obtained as 

seen below in Figure 18. 

 

Figure 18: Computed and measured temperatures of the fluid after optimization of  in Section 6. 

 

It is important to notice that the optimization is done only for a time higher than 39h (t>140 000 s) 

which corresponds to a constant heat injected from Figure 9. 

The conductivity found is:   

 



23 
 

This result is close to the analytical result ( ) which means that the numerical 

model works pretty well and is a relevant method to compute the thermal conductivity of the 

ground. 

The maximum error in the curve fitting is:  

The root mean square error is quite high for an inverse problem solving:  

Those errors show that the obtained curve fitting is not perfect and still can be improved by adjusting 

the borehole resistance for example. Another interesting point would be to adjust the specific heat 

of the ground as well as the density because those two values are assumed constant for all the 

sections.  

2. Optimization of  and  

In this case,   is set as a variable in equation 14. 

 

 
Figure 19: Computed and measured temperatures of the fluid after optimization of  and  in Section 6. 

The outputs of this curve fitting are:  

  

  

  

  K 

As expected, both 1D and 2D models give exactly the same results because the problem is only a 1D 

heat transfer problem. 
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B. Results of the optimization in multiple sections model 
1. Optimization of  

Table 1 is given as an input of the model according to Acuña, J. (2013) and only the thermal 

conductivity of the ground is optimized. 

The line source model was used in order to calculate those thermal resistances. 

Table 1: Rb given for each section 

Section 1 2 3 4 5 6 7 8 9 10 11 12 

 
Rb [Km/W] 0,071 0,068 0,057 0,054 0,058 0,064 0,057 0,055 0,078 0,06 0,059 0,06 

 

 

 

Figure 20 presents the results of the 

optimization of the thermal conductivity 

according to the measured temperatures 

and the comparison between analytical 

and numerical results 

Each conductivity is connected to a curve 

fitting between the measured and 

computed temperature of the circulating 

fluid. 

Although numerical and analytical 

conductivities are quite close to each 

other, it is interesting to see that the 

numerical conductivities are lower than 

the analytical ones. It is also important to 

notice that the numerical results are more 

precise than the analytical ones. 

For each curve fitting, the root mean 

square error was calculated as shown in 

Figure 21. 

For section 9, the conductivity is low and 

both numerical and analytical analyses give 

the same conductivity even if the root 

mean square error seems high. 

Figure 20: Thermal conductivity of the ground in 
each section. 
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Figure 21: Root mean square error for each section for the optimization of λrock. 

 

Figure 22: Average of (T_calculated-T_measured) and its variation in each section for the optimization of λrock. 

Figure 22 gives, from another point of view, a possibility to see the accuracy of a curve fitting for 

each section. The maximum, the average and the minimum of the difference between computed and 

measured temperatures are interesting in order to analyse the results. The best curve fitting is found 

for section 8 whereas the largest error is found for section 2.  

2. Optimization of  

Now, only the borehole resistance is optimized. The thermal conductivity is given as an input of the 

model based on the following analytical results (Acuña J. , 2013) : 

Table 2 :  λrock given for each section 

Section 1 2 3 4 5 6 7 8 9 10 11 12 

 λrock 
[W/mK] 3,16 2,82 2,98 2,67 2,85 2,98 3,31 3,62 2,60 3,37 3,50 3,27 
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Figure 23 shows the results obtained 

for the optimization of . All the 

curve fittings obtained with Comsol are 

in Appendix.  

As in the previous case, numerical and 

analytical results are almost equal. 

Numerical results are a bit higher than 

the analytical ones, it is exactly the 

opposite conclusion as before.  

The variations of  can indicate an 

anomaly for section 9 (fissure for 

example). Also the position of the 

pipes inside the hole causes different 

  

 

Figure 23: Thermal resistance of the borehole 
for each section. 

 

 

 

 

 

 

 

Figure 24 and Figure 25 show the error of the curve fitting for each section. The graphs are identical 

to the previous ones (when only is optimized) so the accuracy is the same as before. The 

optimization of one parameter (either the thermal conductivity of the ground or the borehole 

resistance) with Comsol Multiphysics gives the same curve fitting. Figure 25 show almost the same 

results as Figure 22. Here again, section 8 gives the best curve fitting. 
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Figure 24: Root mean square error for each section for the optimization of Rb. 

Figure 25: Average of (T_calculated-T_measured) and its variation in each section for the optimization of Rb. 

 

3. Optimization of  and  

 

Now, all the thermal conductivities and the borehole resistances are optimized together in one 

computation by using the 12 sections model. 

The main input of this model is the heat flux injected for each section even if the first idea was to 

calculate also the heat injected. Here, the original data of the heat injected was used. As soon as the 

rate of heat that goes in every section is given, the software calculates the conductivity of the ground 

and the borehole resistance in order to get the best curve fitting for each sections. The measured 

temperatures of the circulating fluid are also an input of the model. 

Figure 26 and Figure 27 present respectively the thermal conductivity profile and the borehole 

resistance profile when two parameters (  and ) are optimized. Some differences between 

numerical and analytical results have to be pointed out. It seems that for sections 3, 4, 5 and 6 

numerical results are correct but for the other sections, a huge difference between numerical and 

analytical methods was observed in both profiles. Moreover, the computational time of the 12 

sections model is about four or five days which is too big and will have to be reduced in order to 

validate the numerical application. One reason of this important time consumed is that Comsol 

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

0,18

0,2

0 1 2 3 4 5 6 7 8 9 10 11 12

R
M

S

Section



28 
 

optimizes twenty-four parameters at the same time and two parameters are changing in each 

section (for one curve fitting). Maybe the software finds more than one couple (  and  for 

each section and does not choose the right solution. This problem appeared only at the end of this 

project as my work was concentrated only on section 6 during a long time. 

Figure 26: Thermal conductivity profile for the optimization of λrock and Rb. 

Figure 27: Borehole resistance profile for the optimization of λrock and Rb. 
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V. Conclusion 
 

During this master thesis, a heat injection phase of a Distributed Thermal Response Test (DTRT) was 

studied with Comsol Multiphysics 4.3a. The main objective was to create a numerical model of a 

stratified ground in order to optimize the thermal conductivity of the ground as well as the borehole 

resistance. This objective was partially achieved.  

The study was separated into two steps. The first step was to build a 1D model for one section of the 

ground, the second step was to do a 2D model for 12 sections. For a given section, both 1D and 2D 

models give the same optimization as the problem is an heat injection in one direction. 

For the optimization of one parameter (  or ), the numerical results show good agreement 

with the analytical ones, calculated previously (Acuña J. , 2013). Regarding the computational time, it 

takes around one hour to get the thermal conductivity profile when the borehole resistance is given. 

As expected, the same computational time was observed when the borehole resistance is computed 

whereas the thermal conductivity is given for each layer of the ground. 

For the optimization of two parameters (  and ), some troubles with the computational time 

of Comsol Multiphysics for the curve fitting appeared at the end of this project and the results 

obtained are a good starting point for a future work on this topic. Moreover, the optimization of two 

parameters can be improved. The first preoccupation is to decrease the computational time. The 

model should be adapted to DTRTs based on an optical fiber cable situated in the filling material.  
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VI. Appendix 
 

This appendix was created in order to give an overview of all the curve fittings that Comsol creates 

when the 2D model with 12 sections is computed for the optimization of one parameter. Here, the 

optimization of Rb was chosen as an example. In all those graphs, both measured and computed 

temperatures of the circulating fluid are represented (respectively in green and blue).  

 

Figure 28: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 1. 
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 Figure 29: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 2. 

Figure 30: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 3. 
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Figure 31: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 4. 

Figure 32: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 5. 
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Figure 33: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 6. 

Figure 34: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 7. 
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Figure 35: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 8. 

Figure 36: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 9. 
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Figure 37: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 10. 

Figure 38: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 11. 



36 
 

 

Figure 39: Measured and computed temperatures of the circulating fluid after optimization of Rb for Section 12. 



37 
 

 

VII. Bibliography 
Acuña, J. (2008). Characterization and Temperature Measurement Techniques of Energy Wells for 

Heat Pumps. Stockholm : KTH: Master of Science Thesis. 

Acuña, J. (2013). Distributed Thermal Response Tests - New insights on U-pipe and Coaxial heat 

exchangers in groundwater-filled boreholes. Stockholm : KTH: Doctoral Thesis in Energy 

Technology. 

Fujii et al. (2009). An Improved Thermal Response Test for U-tube Ground Heat Exchanger based on 

optical fiber thermometers. Geothermics 38 399-406. 

Gehlin, S., & Hellström, G. (2003). Comparaison of Four Models for Thermal Response Test 

Evaluation. ASHRAE Transaction 2003, Vol109, Pt. 1. 

Ingersoll, L. (1948). Theory of the Ground Pipe Heat Source for the Heat Pump. ASHVE Transactions, 

Vol. 54. 

Kamarad, A. (2012). Design and Construction of a Mobile Equipment for Thermal Response Test in 

Borehole Heat Exchangers. Stockholm : KTH.: Master of Science Thesis. 

Lamarche, L., & Beauchamp, B. (2006). New Solutions for the Short-Time Analysis of Geothermal 

Vertical Boreholes. International Journal of Heat and Mass Transfer., 1408-1419. 

Lamarche, L., & Beauchamp., B. (2006). New Solutions for the Short-Time Analysis of Geothermal 

Vertical Boreholes. International Journal of Heat and Mass Transfer., 1408-1419. 

Marcotte, D., & Pasquier, P. (2008). On the Estimation of Thermal Resistance in Borehole Thermal 

Conductivity Test. ScienceDirect Renewable Energy 33, 2407-2415. 

Mogensen, P. (1983). Fluid to Duct Wall Heat Transfer in Duct System Heat Storages. Stockholm: The 

international Conference on Subsurface Heat Storage in Theory and Practice. 

Monzo, P. (2011). Comparison of different Line Source Model approaches for analysis of Thermal 

Response Test in a U-pipe Borehole Heat Exchanger. Stockholm: KTH: Master of Science 

Thesis EGI 2011-017. . 

Rainieri et al. (2008). Numerical Simulation of the Thermal Response Test Within Comsol Multiphysics 

Environment. Parma. 

Rainieri, S., Bozzoli, F., & Pagliarini, G. (2011). Modeling Approaches Applied to the Thermal Response 

Test: A Critical Review of the Literature. HVAC&R Research, 17:6,, pp. 977-990. 

Raymond, J., Lamarche, L. (2012). Simulation of thermal response tests in a layered subsurface. 
Applied Energy, http://dx.doi.org/10.1016/j.apenergy.2013.01.033 
 
Rubatti, C. (2010). Numerical Analysis of Vertical Borehole Heat Exchangers Temperature Evolution 

during Thermal Response Tests. Stockholm : KTH: Master of Science Thesis. 

http://dx.doi.org/10.1016/j.apenergy.2013.01.033

