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Abstract 

ore and more people are aware that we have to take care about the planet in order to en‐
sure a good future for our children. Moreover, in the years to come, the cost of energy 
would surely increase. Using Ground Source Heat Pump (GSHP) systems presents several 

advantages, being ecologically friendly and more efficient than conventional heating means. This 
study is the result of a five month Master thesis work on a novel component of a GSHP system, an 
annular pipe in pipe Coaxial Borehole Heat Exchanger (CBHE). This design presents interesting char‐
acteristics compared to the traditional U‐pipe borehole heat exchanger, and it is tested for the first 
time during heat pump operation here. Its performance is analyzed experimentally and with the fi‐
nite element software COMSOL. The effect of the insulation around the central pipe of a CBHE is 
pointed out. The simulation results are compared to temperature measurements collected using fi‐
ber optic cables installed along the borehole depth. Furthermore, two cross sections of the CBHE 
used have been modeled, allowing to see the effects of the insulation and of the position of the cen‐
tral pipe on the borehole thermal resistance. 
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Abbreviations and nomenclature 

BHE… Borehole Heat Exchanger 

CBHE… Coaxial Borehole Heat Exchanger 

… Heat capacity at constant pressure of the fluid considered [J/kg*C] 

… Diameter considered [m] 

… Diameter of the external pipe [m] 

… Hydraulic diameter [m] 

… Diameter of the internal pipe [m] 

DTS... Distributed Temperature Sensing 

∆ … Temperature difference [K] 

∆ … Pressure drop due to the friction [Pa] 

… Pumping power [W] 

… Friction factor [-] 

GSHP… Ground Source Heat Pump 

… Convection heat transfer coefficient [W/m2*K] 

... distance between two points [m] 

… Mass of “cold” fluid considered [kg] 

… Mass of “warm” fluid considered [kg] 

… Nusselt Number [non-dimensional] 

… Prandtl number [non-dimensional] 

…. Perimeter of the geometry considered [m] 

Q… Flow rate of the fluid considered [m3/s] 

… Thermal power [W] 

… Thermal power per unit length [W/m] 
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… Thermal power per unit area [W/m2] 

… Thermal resistance of the borehole [K*m/W] 

	 	 … Thermal resistance between the central pipe and the external pipe [K*m/W] 

… Contact thermal resistance [K*m/W] 

… Convective heat transfer resistance [K/W] 

… Reynolds number [non-dimensional] 

	 	 … Thermal resistance between the external pipe and the borehole wall [K*m/W]

… Thermal resistance of the ground [K*m/W] 

… Thermal resistance of a pipe [K*m/W] 

… Total thermal resistance [K*m/W] 

… Internal radius of the borehole [m] 

… External radius of the ground [m] 

… External radius for contact resistance calculation [m] 

… External radius of the pipe considered [m] 

… Internal radius of the pipe considered [m] 

S… Section area considered [m2] 

… Temperature [K] 

	 … Temperature of the borehole wall [K] 

… Temperature of a “cold” fluid [K] 

… Final temperature of a fluid [K] 

… Temperature of the fluid considered [K] 

… Temperature of the fluid in the central pipe [K] 

… Temperature of the fluid in the external pipe [K] 

… Temperature of a “warm” fluid [K] 

… Fluid velocity of the fluid considered [m/s] 

… Volumetric flow rate of the fluid considered [m3/s] 

… Gap distance for contact resistance calculation [m] 
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… Efficiency of the pump [-] 

… Viscosity of the fluid considered [m2/s] 

… Thermal conductivity [W/m*K] 

ρ… Density of the fluid considered [kg/m3] 
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1  Introduction 

Nowadays, thanks to the high price of energy, heat pump systems are a credible alternative for heat-
ing. Heat pump systems are based on thermodynamic principles, which are quite old and were 
greatly developed by Sadi Carnot (1796 – 1832). But their utilization at a large-scale on the heating 
market is relatively new. Despite the complexity to install correctly a heat pump and the price of a 
complete installation, heat pumps systems have good performance and are more ecologically friend-
ly than other means of heating. 

As the main operating principles are already known, the ways to improve heat pump systems could 
be to simplify its installation, to reduce the global complexity, and to improve the efficiency of the 
system. The purpose of this project is directly linked with improving the efficiency of the system, 
by using a novel Coaxial Borehole Heat Exchanger (CBHE) with a Ground Source Heat Pump 
(GSHP), to recover as much heat as possible in the ground. 

A bibliography study on the different kind of Borehole Heat Exchanger (BHE) has been made. An 
experimentation of this new type of CBHE was performed in situ in an installation located in Lid-
ingö (Sweden). The measurement equipment and the installation are described. The results of three 
weeks of experimentations are then analyzed. Two models have been built with COMSOL Multi-
physics. One is supposed to corroborate the experimental results in order to be able then to simu-
late all kind of borehole. The results obtained during the experimentation and the simulations are 
confronted, in order to quantify the accuracy of the model. The latter allows seeing the role played 
by the insulation in an annular CBHE. The other model is a cross section study to point out the 
evolution of the borehole thermal resistance with a central pipe insulated or not. Their specifica-
tions are listed and the results of the simulation are commented. 

1 . 1  G r o u n d  s o u r c e  h e a t  p u m p  a n d  b o r e h o l e  h e a t  
e x c h a n g e r  

A heat pump is a device which pumps the heat from a place called heat source, and moves it to a 
place called heat sink. A lot of different kinds of heat pumps exist. This is due to a large variety of 
heat source and heat sink. The ground, the ambient air, the seawater, the water of a lake, both can 
be used as a heat source. A heat sink can be the ambient air pulsed in a house, the water for a radia-
tor system. 

A condition which improves the efficiency of a heat pump is to have a heat source with a stable and 
high temperature during the working condition of the heat pump. In addition, more the tempera-
ture of the heat source is close to the temperature of the heat sink, and better the performance of 
the heat pump will be. Of course, each heat source and heat sink has some advantages and draw-
backs. 

On the diagram below (Figure 1), the temperature variation with the depth in the ground is repre-
sented in summer and in winter. These temperatures have been measured in Nicosia, Cyprus 
(Florides, 2006). The main advantage to use the ground as a heat source appears clearly: the tem-
perature remain nearly constant after 10 meters deep, whatever the season. 
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Figure 1: Temperature variation with depth (Florides, 2006) 

Even if there are different kind of heat pump with different heat source and heat sink, the global 
working and the components are the same. There are always a compressor, a condenser, an expan-
sion valve, and an evaporator. 

There are two main architectures of GSHP. The first configuration has a shallow ground coils in 
soil at about 1 meter of depth, and the second one has vertical tubes in rock at approximately 100 
meters of depth. This study is focused on the second architecture of heat pump, using a CBHE for 
extracting the heat in the ground (Figure 2). 

 

Figure 2: GSHP with annular CBHE 

The heat source of a GSHP is the ground. The heat is taken from the ground by a borehole heat 
exchanger (there is a lot of different kind of BHEs: U-pipe, CBHE…). The heat is then transported 
from the ground to the evaporator of the heat pump, thanks to a secondary working fluid. In this 
study, the secondary working fluid used will be water. Generally, water with a percentage of anti-
freeze such as glycol is used. But it is not ecologically friendly, and the hydrodynamic performance 
of the system and the thermal performance are reduced. The main disadvantage of using water is 
that it could freeze during cold period. The heat pump then works like a normal heat pump to pro-
vide the heat needed. 

Figure 3 shows the evolution of heat pump sales on the European market since 2005. The number 
is still growing all over the year, except for 2009 and for 2010, where the same sales results are ex-
pected as in 2009. 



20

 

Figure 3: European heat pump sales 2005-2009, covering Austria, Finland, France, Germany, Italy, 
Norway, Sweden, Switzerland and the UK (Forsen, 2010) 

Figure 4 presents the evolution of the number of heat pump sold in 9 different European countries. 
The overall trend is the expansion of the market. 

 

Figure 4: Heat pump units sold 2005-2009 per country (Forsen, 2010) 

1 . 2  E q u a t i o n s  u s e d  

This work is based on several basic heat transfer equations. This preliminary chapter lists the differ-
ent equations used during this project. Many paragraphs refer to it later in this report. 

The Newton law quantifies the heat exchange between a moving fluid and an exchange surface due 
to convection. The equation is of the form: 

 Equation 1 

 

The thermal power in Watt carried by a fluid in a BHE between two points at different tempera-
tures is of the form: 

∆  Equation 2 

 

The same thermal power can be calculated for a unit length.  is then the distance between these 
two points. 

∆
 Equation 3 
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A heat flux from a surface is defined as: 

∆  Equation 4 

 

The flow of a fluid in a tube depends on the area of the tube cross section and the fluid velocity. 

 Equation 5 

 

Reynolds non-dimensional number allows determining in a theoretical way if a flow is laminar or 
turbulent. For a fully developed flow, a flow can be considered as turbulent for a Reynolds number 
from 2300. This calculation is based on the fluid properties and on the diameter of the pipe where 
the fluid is going into. 

 Equation 6 

 

The pressure drop in a pumping system is directly linked with the friction factor of a fluid. A lot of 
energy is lost by the fluid because of the frictions which occurs when the fluid is moving. A value 
of a friction factor for a fully developed flow can be approached for a laminar flow or a turbulent 
flow (Gnielinski, 1976). 

For Re<2300 (i.e. laminar flow) 

 Equation 7 

For Re≥2300 (i.e. turbulent flow) 

, 	 ,
 Equation 8 

 

Thanks to this friction factor, the pressure drop due to the friction of the fluid can be estimated. 
The total pressure drop of a system is mainly composed by the fluid friction factor. 

∆  Equation 9 

 

It is known that the highest the pressure drop is and the highest the electric consumption of the 
pump of the system will be. The energy consumption of a pump can be calculated with the follow-
ing equation. 

	
∆

 Equation 10 

 

Prandtl non-dimensional number is the ratio of the viscous diffusion rate and the thermal diffusion 
rate. It is defined as follow. 

	  Equation 11 

 

For a turbulent flow with a high Reynolds number in a circular tube, a way of calculation of the 
non-dimensional Nusselt is of the form: 
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,

½  Equation 12 

This equation is valid if 0,5≤Pr≤2000 and if 3000≤Re≤5x106. Error as large as 10 percent may re-
sult from the use of this equation (Incropera, 2005). 

 

The hydraulic diameter for a flow in a concentric tube can be calculated with the following equation 
after simplification (Incropera, 2005). 

	  Equation 13 

 

For a convection calculation in a concentric tube annulus, there are two convection coefficients, an 
inner and an outer convection coefficient. But a first approximation can be done by assuming that 
these two coefficients are equal (Incropera, 2005). The calculation is then done with the hydraulic 
diameter. 

	  Equation 14 

 

The thermal resistance of a pipe for a radial system such as a cylinder is out of the form: 

	

 Equation 15 

 

Depending on the quality of the contact between the borehole heat exchanger and the ground, a 
contact thermal resistance may exist. It can be found per example a small gap filled with groundwa-
ter or air between the external pipe and the ground in the case of a CBHE. This thermal resistance 
can be estimated with the expression of the form: 

	
 Equation 16 

 is the radius where the contact resistance is;  is the width of the gap;  is the thermal 
conductivity of the of the material filling the gap. 

 

The formula to calculate the thermal resistance of the ground for steady state conditions for a radial 
system is defined as follow: 

	
 Equation 17 

 

Acuña, 2010  defines a total fluid to ground resistance , by subtracting the borehole thermal re-
sistance to the ground thermal resistance. 

 Equation 18 

This total thermal resistance can also be calculated with the following equation. ′ is the total heat 
flux [W/m] which goes from the ground to the fluid. 

′
 Equation 19 

 



23

The borehole thermal resistance can be calculated by using a simplified formula defined by 
(Hellström, Ground heat storage - Thermal amalysis of duct storage systems [Doctoral Thesis], 
1991). 

	  Equation 20 

 

The convective heat transfer resistance for a cross section can be calculated as follow. 

∗
 Equation 21 

 

For a coaxial pipe, the heat flux per meter exchanged between the central pipe and the external pipe 
can be calculated with an equation of the form. 

′ 	
	 	

 Equation 22 

 

For calculating the heat flux per meter exchanged between the external pipe and the borehole wall, 
the following equation can be used. 

′ ′ 	 	

	 	
 Equation 23 

 

The final temperature of a two fluids mixed can be calculated with the equation defined as follow. 
 and  represent respectively the temperatures of the cold and of the warm fluid. 

 Equation 24 
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2  Objectives 

The main objective of this thesis is to analyze the thermal performance of a new borehole heat ex-
changer design for a ground source heat pump. This study is divided in different objectives. 

 Objective 1: Enumeration and description of the different kind of existing CBHEs. 

 Objective 2: Experimental test of a CBHE situated in Lidingö (Sweden) and analysis of its 
performance. 

o Sub objective 1: Pointing out the effect of the insulation around the central pipe of 
the CBHE. 
 

o Sub objective 2: Observation of how the water used as secondary working fluid op-
erates in the system. 
 

o Sub objective 3: Comparison of the effect of the secondary working fluid flow rate 
on the CBHE performance. 

 
 Objective 3: Building a numerical model of the CBHE with the finite element software 

COMSOL Multi-physics 4.1 and analysis of the results. 

o Sub objective 1: Pointing out the effect of the insulation around the central pipe of 
the CBHE. 
 

o Sub objective 2: Studying the effect of the secondary working fluid flow rate on the 
CBHE performance. 
 

o Sub objective 3: Comparison of the simulation results and the experimental results 
 

 Objective 4: Building a numerical model of a cross section of the CBHE with the finite el-
ement software COMSOL Multi-physics 4.1 and analysis of the results. 

o Sub objective 1: Studying the effect of the insulation on the borehole thermal re-
sistance. 

 
o Sub objective 2: Quantifying the effect of the central pipe position in the external 

pipe on the borehole thermal resistance. 
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3  Methodology 

This project can be divided in three main parts: the bibliography study about the different kind of 
existing CBHEs, the test of a CBHE in Lidingö, and the realization of simulations with COMSOL. 

The schedule of the project followed is represented in the figure below. 

 

Figure 5: Schedule of the project 

During the first month of this project, a bibliography study has been written about the different 
kind of borehole heat exchanger. I also started to use COMSOL: before beginning experiment, test 
equipment has been installed in Lidingö. Then, the experiment started while continuing to use 
COMSOL. In April, the data collected from the tests and from the COMSOL simulations have 
been analyzed. The final report started to be written in April and ended in June. 

 

Experiment report

Final report

Bibliography study

COMSOL

February March JuneMayApril

Experiment Experiment analysis
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4  CBHE: State of  ar t 

The heart of this project is based on the utilization of an annular CBHE for improving the efficien-
cy of a GSHP. There are many different CBHEs designs. This is a review of these different designs, 
with the main results of the studies realized. A comparison between the most common borehole 
heat exchanger U-pipe and a CBHE is done. The installation of an annular CBHE is then de-
scribed.  

4 . 1  D i f f e r e n t  d e s i g n s  

4 . 1 . 1  A n n u l a r  C B H E  

This design has been tested in situ during this project. It consists in one central pipe surrounded by 
an external pipe, also called energy capsule. The latter is directly in contact with the borehole wall, 
in order to improve the thermal conductivity between the ground and the secondary working fluid 
(Figure 6). 

 

Figure 6: Annular CBHE design 

So far, three studies have been made on this design. 

4 . 1 . 1 . 1  F i r s t  s t u d y  

The first study is experimental and it is described in (Acuña, 2010). This experiment has been done 
with an annular CBHE of 189 meters long, coupled with a GSHP working in a residence in Stock-
holm. The secondary working fluid used was water. In order to measure temperatures thanks to 
Distributed Temperature Sensing (DTS), fiber optic cables have been placed in the central pipe, in 
the external pipe, and between the external pipe and the borehole wall like shown in Figure 7. 
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Figure 7: Position of the fiber optic cables 

Temperatures have been measured while running a Thermal Response Test (TRT). It has been ob-
served that the thermal transfer between the external pipe and the ground is good. The difference 
of temperature between them never exceeds 0.4°C. These results are encouraging, and many other 
experiments could be done. 

4 . 1 . 1 . 2  S e c o n d  s t u d y  

The second study (Zanchini, Improving the thermal performance of coaxial borehole heat 
exchangers, 2009) is made only on computer. Two kinds of CBHE of 100 meters long have been 
modeled with COMSOL 3.4. They have a different cross section. The first one is common, but the 
second one presents a larger cross section of the inner pipe (the diameter of the external pipe is un-
changed). The purpose of this second geometry is to reduce the flow velocity in the central pipe, 
meanwhile increasing the flow velocity in the external pipe, in order to improve the thermal transfer 
with the ground. A difference to note with the previous study is that the space between the external 
channel and the borehole wall is filled with a grout (Figure 8), whereas previously the external 
channel is directly in contact with the borehole wall. 

 

Figure 8: Design used in the study of (Zanchini, Improving the thermal performance of coaxial borehole 
heat exchangers, 2009) 
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In order to improve the thermal efficiency of CBHE, 3 different phenomena have been observed: 

 Thermal shunt: a thermal shunt occurs when there is a thermal transfer between the cold 
down-going fluid and the warm up-going fluid. It decreases the system efficiency. 

 Water flow rate: this study tries to figure out what are the effects of increasing or decreas-
ing the water flow rate on the thermal efficiency. 

 Cross section geometry: as it was said, two kinds of CBHEs, with different cross section, 
have been tested. The idea here is to see how the design of a CBHE influences the thermal 
transfer. 

 
Different tests have been done, with different materials, flow rates, seasons, ground, grout, CBHE 
cross section. 

The first CBHE, which is called CBHE1, has an inner tube with an external diameter of 50 mm and 
a thickness of 4.6 mm. The second CBHE, CBHE2, has a larger cross section of the inner tube 
than CBHE1 and the diameter of the external channel is unchanged. Its inner tube has an external 
diameter of 63 mm and a thickness of 5.8 mm. The external diameter of the annular pipe is the 
same for the two CBHE and is equal to 88.9 mm. 

Water is used as a secondary working fluid. 

Three types of material of inner tube were tested, with an increasing thermal resistance: PE100, 
PPR80, and a theoretical completely adiabatic material. 

In more, two kinds of ground (called GD1 and GD2) and two kinds of grout (GT1 and GT2) have 
been used for making modeling. GD2 and GT2 have a better thermal conductivity than respective-
ly GD1 and GT1. 

Last, three different flow rates were used: V1, V2, V3 (V3 is higher than V2, which is higher than 
V1). 

This following table sums up theses configurations. 

Table 1: Configuration tested in (Zanchini, Improving the thermal performance of coaxial borehole heat 
exchangers, 2009) 

 Thermal shunt Water flow rate Cross section geometry 

Type of CBHE CBHE1 CBHE1 CBHE1, CBHE2 

Material of inner tube PE100, PPR80, Adiabatic PE100 PPR80 

Grout GT1, GT2 GT2 GT2 

Ground GD1, GD2 GD1, GD2 GD1, GD2 

Water flow rate V2 V1, V2, V3 V2 

Working season Winter, Summer Winter, Summer Winter, Summer 

 
They conclude that the effect of thermal shunt between the two pipes is significant. During the 
summer operation, the thermal shunt decreases the efficiency of 8.02% and 4.82% during the win-
ter operation. It is said in this paper that the thermal shunt in the summer is different from the 
thermal shunt in the winter for two reasons. First, they followed the (ASHRAE, 2007) recommen-
dations and so the temperature difference between the water inlet and the undisturbed ground is 
higher in summer (14°C) than in winter (10°C). The second reason is that the flow rate V2 is turbu-
lent in summer and laminar in winter in the annular channel. 
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In order to limit this effect, changing the material of the central pipe could be a solution. A material 
with a higher thermal resistance could be used. 

The flow rate influences also the thermal transfer. Having a higher flow rate implies having a better 
thermal transfer. But the electric consumption must be taken into account, to find the right balance 
between the flow rate and the electric consumption. 

Last, the geometry of the cross section acts on the thermal transfer too. It can be interesting to 
modify a cross section of a CBHE, in order to adjust the flow rate in the inner pipe and in the outer 
pipe. The ideal configuration would be to have a turbulent flow rate in the external pipe for increas-
ing the thermal transfer with the ground, and a low velocity of the fluid in the central pipe to limit 
the thermal shunt between the two pipes. 

4 . 1 . 1 . 3  T h i r d  s t u d y  

The third study, Effects of flow direction and thermal short-circuiting on the performance of small 
coaxial ground heat exchangers, was also made by (Zanchini, 2009) using a computer. It deals with 
Small size Coaxial Borehole Heat Exchanger (SCBHE). The length of a SCBHE is around 20m. 

The purposes of this study were: 

 To characterize the effect of the thermal efficiency of the system if the secondary working 
flow direction changes. 

 To quantify the thermal shunt on SCBHE. 

 To try another design of SCBHE for improving the thermal efficiency of SCBHE. 
 

All of these 3 studies are made during winter time and during summer time. They are realized with 
the software COMSOL 3.4. In each case, summer and winter, more or less same results have been 
found. 

It is better to have the inlet of the secondary working fluid in the annular pipe than in the central 
pipe. The reason is that with this configuration, the secondary working fluid starts instantly to ex-
change heat with the ground. In the other case, the secondary working flow has to go down to the 
bottom of the SCBHE for starting to exchange heat with the ground. The effect of using this direc-
tion for the secondary working fluid is very important when the heat pump starts working (40% 
more of energy is collected in the first 5min when the HP starts working, compared to a configura-
tion with the inlet of the secondary working fluid in the central pipe) but decreases with the time 
(after 6 hours of working, it is around 2% more of energy collected, compared to a configuration 
with the inlet of the secondary working fluid in the central pipe). Collecting more heat when the in-
let of the secondary working fluid is in the annular pipe is an important phenomenon for higher 
conductivity ground. 

There is not important thermal shunt between the two pipes for SCBHE, because the length is not 
important (20 meters). There is not a big temperature difference between the inlet and outlet. 

A good way to increase the thermal transfer is to have a high velocity of the secondary working flu-
id in the annular pipe. In order to realize these conditions, the diameter of the inner pipe is en-
larged. Meanwhile, the hydraulic diameter of the annular pipe is reduced. The results are significant 
for short time intervals when the GSHP stars working, and for ground with a high thermal conduc-
tivity. The improvement of energy collected is 20% more during the first 5 min of working com-
pared to the initial geometry tested, and decrease with the time (6% more of energy is collected af-
ter 5 days working with this new design compared to the initial geometry tested). Thanks to this de-
sign, the thermal transfer would be improved. 
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4 . 1 . 2  C B H E  w i t h  t r a p e z o i d a l  c r o s s  s e c t i o n  

One prototype is tested in (Acuña, 2010). It has one central pipe, and five external pipes with a 
trapezoidal cross section. These central pipes are in close contact with the borehole wall, which fa-
voring the heat transfer (Figure 9). 

A 2-D steady state analysis with the software COMSOL and an experimental evaluation by two in 
situ thermal response tests have been done. The pressure drop for this prototype was 65% lower 
than in a U-pipe, at all flow rates. It would imply a lower pumping power, and so a lower electric 
consumption compared to a classic U-pipe. This is also dependent on the volumetric flow rate. 

This geometry has a good theoretical conductive thermal resistance compared to classic U-pipe. 
The later has a borehole thermal resistance between 0.118 Km/W and 0.260 Km/W, depending on 
the configuration of the pipes in the borehole. The CBHE with trapezoidal cross section modeled 
in this study has a borehole thermal resistance between 0.148 Km/W and 0.185 Km/W. There was 
still a thermal shunt between pipes. This can be reduced by insulating the central pipe and using a 
higher volumetric flow rates. 

 

Figure 9: CBHE design with trapezoidal cross section 

4 . 1 . 3  O p e n  a n n u l a r  C B H E  

In this design, the secondary fluid is directly in contact with the borehole wall (Figure 10). The main 
advantage of this configuration is to have a theoretical lower borehole thermal resistance (around 
0.01 Km/W) compare to common U-pipes (between 0.148 Km/W and 0.185 Km/W). Experi-
ments of this kind of CBHE are analyzed by (Hellström, Borehole Heat Exchangers - State of Art, 
2002). But during these tests, they had some problems to keep the internal pipe in the center of the 
borehole, and they also had a laminar flow. They assume that they measured a high thermal re-
sistance (0,12 Km/W) compare to the theoretical one as a result of this conjunction of these two 
parameters. 

 

Figure 10: Open annular CBHE 
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4 . 1 . 4  P r o j e c t  G R O U N D H I T  

The European project GROUNDHIT (GROUND source heat pumps of HIgh Technology) 
(CRES, 2008) developed other boreholes heat exchangers. This project is a group of different Eu-
ropean universities and companies: Geothermische Vereinigung e.V. (GtV) (Germany), Compagnie 
Industrielle d'Applications Thermiques (CIAT) (France), University of Oradea (UOR) (Romania)… 

The whole project had three objectives: create a GHSP prototype with a coefficient of performance 
(COP) of 5.5, a second GSHP prototype which can deliver 80°C, and a warm groundwater source 
HP prototype with a COP of 7. 

 

Figure 11: CBHE design of the project GROUNDHIT 

They work on CBHEs in order to reach these objectives (Figure 11). A CBHE prototype has been 
built (Figure 12). (EWS, 2006) describes the design. It consists in a coaxial BHE in PE-HD (poly-
ethylene – high density). The goal is to create a cheap coaxial BHE which is simple to install, even 
more than a common U-pipe. 

 

Figure 12: Overview of the prototype design described in (EWS, 2006) 

4 . 1 . 5  T I L  d e s i g n  

A Thermal Insulated Leg (TIL) is compound of one insulated central pipe, with several other pipes 
around this central pipe. The insulation prevents thermal shunt between the downward pipe and 
up-ward pipe. These external pipes are close to the borehole wall, in order to increase the heat 
transfer (Figure 13). 

(P.Platell, 2006) describes this design, and explains that a gain of 30% of performance (W/m) is 
possible. The main problems are the difficulty of insulating pipes, and the cost of this installation, 
which is more expensive than common U-pipe. 

Compared to classic U-pipe, with no insulation, using this kind of BHE reduces the flow rate, and 
improves the heat transfer. It has also good hydraulic characteristic (lower pressure drop dues to 
the use of laminar flow). Water is used as secondary working fluid. 
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Figure 13: TIL design 

4 . 2  C o m p a r i s o n  o f  a n  a n n u l a r  C B H E  a n d  a  U - p i p e  

U-pipes are the most used design for GSHP in Sweden, essentially for cost reasons and simplicity 
of installation (Figure 14). U-pipe is the cheapest way to exchange heat in the ground, but this solu-
tion has many defaults. In order to offer high heat transfer performance, this kind of exchanger has 
to operate at high mass flow. That involves a high pump losses and an important electric consump-
tion. Moreover, there is often a thermal shunt between the two pipes, i.e. a part of the heat pumped 
by the fluid while it is going down, is transferred to the other pipe when the fluid is going up. Their 
poor thermal performances have led to make several studies for improving their efficiency. 

 

Figure 14: GSHP with a U-pipe BHE 

The position of the pipes has an influence on the borehole thermal resistance. A computer model-
ing has been done in (Acuña, 2010) with COMSOL on this subject (Figure 15). It results that the 
better configuration is to have the two pipes apart in the borehole with a borehole thermal conduc-
tivity of 0.118 Km/W; the worst configuration is when the pipes are centered together in the bore-
hole, which gives a borehole thermal conductivity of 0.26 Km/W. But succeeding to have the pipes 
apart into the borehole is quite difficult to do. Using spacers to separate the two pipes for decreas-
ing the borehole thermal resistance is common, but it gives less good results as having the two 
pipes apart. 
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Figure 15: Comparison of the theoretical borehole resistance for different models (Acuña, 2010) 

The study made by (Raymond, 2011) is based on the observation that the installation cost of a 
borehole heat exchanger is directly linked with the depth of the borehole. So using more efficient 
BHE would permit to reduce the borehole depth and by the same reduce the installation cost. IPL 
has focused its research on this specific field, and proposes a new high density polyethylene pipe, 
with a thermal conductivity of 0.7 W/m K. Compare to a normal high density polyethylene, the 
thermal conductivity is 75% higher! 

A steady-state simulation in 2D with COMSOL of this new high thermal conductivity material has 
shown that the thermal resistance can decrease until 24%. If the grout used to fill the space be-
tween the borehole and the pipes has a high thermal conductivity, and if the pipes are spaced with 
spacers, then the thermal resistance of the borehole decreases to its maximum. The length of pipes 
could be reducing up to 9% by increasing the thermal conductivity of pipes. It could allow saving 
money on the installation cost. 

A 3D transient simulations shows that using pipes with a more efficient thermal conductivity de-
crease the water temperature of 1°C during the cooling mode and increase the water temperature of 
0.6°C during the heating mode. 

Using pipes with a better thermal conductivity is good complement to the use of spacers. It im-
proves the efficiency of the global system, and therefore allows reducing the cost of installation 
thanks to shorter pipes. 

The annular CBHE presents the advantage to be more efficient than a common U-pipe. This is 
mainly due to the geometry of the annular CBHE: the external channel is directly in contact with 
the borehole wall. The thermal transfer is thus favored. Nevertheless, the installation of a U-pipe is 
still easier than for an annular CBHE, and the cost of a U-pipe is cheaper. 

 

Figure 16: Difference of design between annular CBHE (left) and U-pipe (right)  
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4 . 3  I n s t a l l a t i o n  o f  a n  a n n u l a r  C B H E  

U-pipes are the most common used borehole heat exchangers because they are very easy to install, 
but they present poor thermal performances. The idea of a CBHE is to mix good thermal perfor-
mances and easy installation. 

The installation of the annular CBHE tested in this study is made as follows, according to (Acuña, 
2010). A hole is first drill deep in the ground with a geo-thermal drilling machine, like presented in 
Figure 17. 

 

Figure 17: Example of geothermal drilling machine 

The annular CBHE is composed of two pipes. The external pipe (also called energy capsule) is first 
placed into the hole, directly in contact with the ground. It has to be as thin as possible to offer the 
better heat transfer between the ground and the secondary working fluid. Once this pipe installed, it 
is filled with water, which is the secondary working fluid in our application. The internal pipe is 
then settled. Because of the water, the pipe fleet and cannot goes until the bottom of the hole. 
Weights are used to counter this undesirable effect and for helping the internal pipe to go down in 
the hole. 

 

Figure 18: Different steps for the installation of a CBHE 
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5  Description of  the instal lat ion 

The installation where the tests have been performed is described, as well as the test equipment 
used. There are also pictures of the final installation. 

5 . 1  D e s c r i p t i o n  o f  t h e  i n s t a l l a t i o n  i n  L i d i n g ö  

The tests of an annular CBHE are performed in a house situated in Lidingö, north of Stockholm. 
This CBHE is coupled with a GSHP (Figure 19). 

 

Figure 19: Heat pump 

Figure 20 gives an overview of the lab installed in the house’s garage. The heat pump of the house 
is on the right in red. The two black pipes insulated hanged on the ceiling contain the secondary 
working fluid (water). 

 

Figure 20: View of the laboratory installed in the garage of the house 
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The GSHP provides hot water for radiators and sanitary water during the winter and only sanitary 
water during the summer, for a 4 people Swedish family. In consequence, the measurements cannot 
disturb the life of the inhabitants of the residence. The heat pump provides between 3 and 10 kW, 
depending on the outside condition. The refrigerant used is R407C. The evaporator and the con-
denser are plate heat exchangers. A scroll compressor completes the heat pump component (Figure 
21). 

  

Figure 21: Plate heat exchanger and scroll compressor 

Figure 22 shows the top of the CBHE, with the inlet and the outlet of the water and the fiber optic 
cables used for measuring the different temperatures. The inlet and outlet of the water are also 
shown but from the inside of the garage. 

  

Figure 22: CBHE and fiber optic cables (blue and yellow, left) and inlet and outlet of the water from the 
inside of the lab (right) 

5 . 1 . 1  C B H E  c h a r a c t e r i s t i c s  i n  L i d i n g ö  

The annular CBHE has been installed in Lidingö by using the methodology described previously. 

The depth of the borehole is about 184 meter. The groundwater level is approximately at 3 meters 
from the surface. The internal pipe is about 5 meters from the bottom of the hole. The half-length 
of the central pipe is insulated for avoiding thermal transfer between the down going fluid and the 
up going fluid. A corrugated plastic surrounds the insulation to protect it from the water. Its diame-
ter varies between 62 and 68 mm. The thickness of the central pipe is 2.4 mm and of the external 
pipe is 0.4 mm. 

It will be seen later that the space between the central pipe and the bottom of the borehole impacts 
the temperatures measurements. 
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Figure 23: Dimension of the CBHE in Lidingö 

The components of the annular CBHE are listed and described below. 

 Secondary working fluid (water). This fluid is used for collecting heat in the ground. 
 

 Internal pipe. The fluid enters in the borehole by this pipe, made in PE. 

Table 2: Properties of the internal pipe 

External diameter 40 mm 

Thickness 2.4 mm 

Length 168 m 

 

 Insulation. The insulation is covering more or less half of the internal pipe. Its role is to 
prevent a thermal shunt between the fluid going through the internal pipe and the external 
pipe. A corrugated plastic pipe is added to protect the insulation from the water. 

Table 3: Properties of the insulation 

External diameter of the insulation 56 mm 

Thickness of the insulation 8 mm 

External diameter of the corrugated plastic 68 mm 

Thickness of the corrugated plastic 1.5 mm 

Length 84 m 

 

 External pipe. The fluid goes out of the borehole by this pipe. This pipe is very thin and di-
rectly in contact with the borehole wall, in order to assure a better heat exchange between 
the ground and the fluid. 
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Table 4: Properties of the external pipe 

External diameter 115 mm 

Thickness 0.4 mm 

Length 184 m 

5 . 1 . 2  E x p e r i m e n t  e q u i p m e n t  

Water is used as a secondary working fluid. Since this is the first working season of this test installa-
tion, in order to reduce the risk of freezing for the water, the pump of the water loop is working all 
the time, at constant flow rate. 

During our test, the following measurements have been done: 

 Temperatures of the fluid in the central pipe, of the fluid in the external pipe and of the 
borehole wall. 

 Inlet and outlet temperatures and water flow rate on the water loop. 
 

The first part of the measurement preparations was to place and to connect the fiber optic cable 
equipment (DTS). 

DTS allows measuring temperatures by using a fiber optic cable (Figure 24). The latter is the sen-
sor. The DTS launches light pulses in the fiber optic cable. The light is going through the core and 
it is reflected against the walls of the cladding which circle the core. The electromagnetic spectrum 
covers a part of infrared spectrum, the whole visible spectrum, and a part of the UV spectrum. The 
fiber optic cable is affected by physical phenomenon such as temperature, pressure or strain. The 
light is then reflected in a different way according to these physical phenomena. The time gives the 
distance of the measured part and the refraction gives the temperature. Of course, there are losses, 
and they determine the maximum distance which can be sensed. 

 

Figure 24: View of the fibre optic cable used for the DTS during the project 

Fiber optic cables were already placed in the CBHE as presented in Figure 25. (Acuña, 2010) real-
ized this installation for a previous study. Each measure is doubled: there are in fact two optic ca-
bles who measure the same point. The temperatures are recorded every 2 minutes and each 4 me-
ters. 
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Figure 25: Fibre optic cable position 

This position of the fiber optic cables allows measuring the fluid temperature in the central pipe, in 
the external pipe, and also the borehole wall temperature. 

The procedure to follow for connecting the fiber optic cable to the computer is as described below. 
First of all, the fiber optic cable is exposed (Figure 26). 

 

Figure 26: The fiber optic cable is exposed 

Then the fiber optic cable is cleaned and cut at the desired size (Figure 27). 

  

Figure 27: The fiber optic needs to be cleaned (left) and cut (right) before to be welded 
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The fiber was next welded to another fiber thanks to a machine which was connected to the com-
puter (Figure 28). 

 

Figure 28: Two fiber optic cables are placed in the welding machine (left) and then welded (right) 

The last operation consists in melting a plastic protection around the weld (Figure 29). The cables 
were then put into a metal locker. 

 

Figure 29: A plastic protection is melt around the weld 

The optic cables are weld like shown in Figure 30. 

 

Figure 30: Weld of fibre optic cables 

Thanks to the welding, wire number 0 is connected with wire number 2; wire number 1 is connect-
ed with wire number 3. 



41

Then the calibration of the fiber optic cable was realized by using an ice bath (Figure 31). Calibra-
tion of the DTS must be done to assure the quality of the results. Is was noted during the calibra-
tion of the fiber optic cable a temperature jump between the two cables, certainly due to the weld-
ing point. It is important to keep this phenomenon in mind for the rest of the study. Moreover, a 
calibration for the signal losses along the fiber length was done. 

 

Figure 31: Ice bath used for the calibration 

The second part of the installation of the means of measurement was the installation of data logger 
Brunata on the cold loop and on the warm loop. 

The Brunata were connected between each other and the computer. An example of connections 
made is shown in Figure 32. 

 

Figure 32: Data logger (Brunata) connections 

Once the connections done, the Brunata were hanged on different walls in the lab (Figure 33). 

 

Figure 33: Data logger (Brunata) hanged on the wall 

These data logger gather temperatures measured by PT500 thermometers and the flow rate. One of 
the flow meter installed on the secondary working fluid loop is shown on Figure 34. 
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Figure 34: Flow meter 

A zoom on a PT500 thermometer (Figure 35) gives some indications about how they are installed. 

 

Figure 35: PT500 thermometers placed on the heat pump 

At the end, the complete installation is as represented on Figure 36. 

 

Figure 36: Sketch of the whole installation 
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On Figure 37, there is one Brunata on the left hanged on a wall, and on the right there is the heat 
pump. In the middle in black, the two pipes are the inlet and outlet of the secondary working fluid. 

 

Figure 37: Heat pump with the test equipment 
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6  Analysis of  the experimental data 

Experiments are a very important part in this project. This section presents the analysis of the data 
collected during three weeks of experiment of a CBHE situated in Lidingö, Sweden. 

6 . 1  C o m m u n i c a t i o n  p r o b l e m  

A communication problem between the data logger Brunata and the computer happened during the 
experiment. The Brunata were supposed to make continuous measurement of the flow rate, the in-
let and the outlet temperatures of the water on the cold and warm water loop. Because of this prob-
lem, it was not possible to record continuously the data on the computer. Despite this communica-
tion problem, the Brunata were used to visualize the flow rate and the instant temperature of the 
fluid on the cold loop. 

6 . 2  S i t u a t i o n  

As described before, the DTS allows measuring temperature every 2 minutes each 4 meters. The 
test started from the 2nd of March and went on until the 18th of March. 3 flow rates have been 
measured as shown in Table 5. 

Table 5: Timetable of the measurements 

Period 02/03/2011 until 09/03/2011 09/03/2011 until 14/03/2011 14/03/2011 until 18/03/2011

Time [h] 164.6 122 90.3 

Flow rate [m3/h] 2.1 1.8 1.5 

Flow rate [l/s] 0.6 0.5 0.4 

 

A fourth flow rate at 0.3 l/s (1.08 m3/h) was planned during the experiment, but already for a 0.4 
l/s flow rate, the water used as a secondary working fluid was closed to freeze. It was assumed that 
it was too risky to settle this last flow rate. 

The pump of the cold loop was always working at the same speed. The flow rate was changed by 
introducing a pressure drop in the cold loop by closing a control valve (Figure 36). 

6 . 2 . 1  D a t a  

The data obtained are in an Excel spreadsheet. The temperatures are situated in space and time 
thanks to the length of the fiber optic cable and the time of measurement. 

The first thing to do before analyzing the data was to find the data corresponding to the CBHE and 
those to the borehole wall. The length of the central pipe was measured about 168 meters, and the 
depth of the well about 184 meters. 
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6 . 2 . 2  C a l i b r a t i o n  

The raw data need to be corrected. Because of the weld of two different optic cables, the tempera-
tures measured in each cable are not exactly the same. An ice bath was used to calibrate the 
measures made these two cables. 

The temperature versus the length of the fiber optic cable is plotted (Figure 38). Thanks to this 
chart, 0.6°C have been removed of the raw data measured by the first fiber optic cable in order to 
correspond to the data measured by the second fiber optic cable. 

 

Figure 38: Temperature versus length of the fiber optic cable, flow rate 2.1 m3/h. Calibration of the fiber 
optic cables 

6 . 2 . 3  E x p l a n a t i o n  o f  t h e  s h a p e  o f  t h e  t e m p e r a t u r e  v e r s u s  l e n g t h  c u r v e  

The temperatures are measured every 4 meters thanks to DTS using fiber optic cables. The chart 
below (Figure 39) shows the evolution of the temperature in function of the length of the fiber op-
tic cable. It has been taken during the first days of measurement, when the ice bath was not totally 
melted. This is an explanation of the shape of this curve. 

 

Figure 39: Explanation of the shape of the temperature versus length curve 
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Figure 40 makes a link between the points marked in the previous curve and their location in the 
installation. 

 

Figure 40: Explanation of the shape of the temperature versus length curve 

Thanks to Figure 39 and Figure 40, the curve’s shape can be explained (Table 6). 

Table 6: Explanation of the shape of the temperature versus length curve 

1. 
Temperature of the air inside 
the garage between the com-

puter and the ice bath. 
7. 

Temperature of the air 
inside the garage. 

13. 
Temperature of the bottom of the bore-

hole wall. 

2. 
Temperature of the ice bath 

(0°C). 
8. 

Temperature of the air 
inside the garage. 

14. Temperature of the borehole wall. 

3. 
Outside temperature before 

going into the CBHE. 
9. 

Temperature of the ice 
bath (0°C). 

15. 
Outside temperature before going back 

into the garage. 

4. 

Temperature in the CBHE. 
The temperature is increasing 
because the fluid is taking heat 

from the ground. 

10. 
Outside temperature 
before going into the 

well. 
16. Temperature of the ice bath (0°C). 

5. 
Outside temperature before 

going back in the garage. 
11. 

Temperature of the 
borehole wall. 

17. 
Temperature of the air inside the garage 
between the computer and the ice bath. 

6. 
Temperature of the ice bath 

(0°C). 
12. 

Temperature of the 
bottom of the borehole 

wall. 
 

 

Portions 2, 6, 9 and 16 measure the temperature of the ice bath, it can be seen in Figure 38 that the 
temperatures are not equal between them and some of them are not equal at 0°C. This is due to the 
welding. The calibration with the ice bath allows correcting this error. 



47

The temperature is increasing (around 25°C) at the end of the fiber optic cable (portion 17) because 
the latter is near to the computer. 

The shape of the curve between the points 11, 12, 13, and 14 needs more explanation. The general 
tendency of the rock temperature is increasing when going deep. Therefore the temperature gap be-
tween the secondary working fluid and the rock is increasing with the depth. 

At the portion 11, it can be observed on the chart that the temperature measured by the fiber optic 
cable is decreasing slightly with the depth. This phenomenon happens because there is a larger 
temperature gap when going down between the rock and the fluid, and so more heat is extracted 
from the ground. That’s why the temperature is decreasing. 

On the contrary, the temperature is increasing at the portion 14, because of the same phenomenon 
but when going up. The temperature gap becomes less and less larger, less heat is extracted, and the 
temperature increases slightly. 

There is a temperature jump at the portions 12 and 13. As explained in a previous section, the cen-
tral pipe is at about 5 meters from the bottom of the well. Thereby there is an amount of water 
which is almost undisturbed by the flow of the secondary working fluid (Figure 41). The heat trans-
fer is then less important compared to the other parts of the CBHE. Moreover, the temperature is 
high because it is situated deep in the ground, at the bottom of the well. These 2 factors explain the 
temperature jump observed at the portions 12 and 13. 

 

Figure 41: Visualisation of the undisturbed water at the bottom of the CBHE 

6 . 3  P r e - a n a l y s i s  

6 . 3 . 1  T e m p e r a t u r e  v e r s u s  T i m e  

The first thing to do is to plot the fluid temperature versus time at different depths. Thanks to the-
se charts, it can be seen when the heat pump is working or not. 

The fluid temperature is decreasing when the heat pump is working because the heat is extracted 
from the ground and is given to the fluid situated in the evaporator of the heat pump.  

When the heat pump doesn’t work, the ground and so the secondary working fluid recover gradual-
ly their temperatures, as illustrated in Figure 42, Figure 43, and Figure 44, where the temperatures at 
different depths are shown during the three measurement periods. 
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Figure 42: Fluid temperature at different depths during heat pump operation, flow rate 2.1 m3/h 

 

Figure 43: Fluid temperature at different depths during heat pump operation, flow rate 1.8 m3/h 
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Figure 44: Fluid temperature at different depths during heat pump operation, flow rate 1.5 m3/h 

It can be noticed on Figure 42, Figure 43, and Figure 44 that there are two different cycles: one 
having a small temperature difference between the time when the HP doesn’t work and when the 
HP is working; and the other with a relatively larger temperature change along the BHE. The same 
phenomenon is observed for the 3 different flow rates. A bigger temperature amplitude implies that 
the heat pump extracts more heat from the ground. 

The cycle with a small temperature amplitude will be called “normal cycle” and the other one 
“peak cycle” along this report. 

The time when the peak cycles appear is noticed in the table below. There is no recurrence relation 
on the occurrence of these cycles, as evidenced in Table 7. 

Table 7: Time during the day when Peak cycles occur 

Flow rate Time of occurrence of a peak cycle 

1.5 m3/h 8h35, 7h50, 19h45, 8h21, 9h33 

1.8 m3/h 22h05, 12h13, 19h24, 9h42 

2.1 m3/h 00h36, 8h50, 10h21, 8h41, 8h35 

 

These peak cycles can happen because of a malfunction of the heat pump control system (explana-
tion based on a personal communication with Klas Andersson). The heat pump has an inverter 
compressor. Unlike a traditional compressor (on/off compressor), this kind of compressor can 
adapt its speed to the demand, and so its capacity. The profile of the thermodynamic cycle in a 
pressure-enthalpy diagram varies in time. Figure 45 shows in a schematic way different steps that 
encounter an inverter compressor in time. 

 (a)The compressor doesn't work. 
 (b) The compressor works. 
 (c) The compressor works, at a different speed. 
 (d) The compressor stops working, but the pressure is not equalized yet in the system. 
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 (e) The pressure is equalized in the system. 

 

Figure 45: Evolution of the Pressure-Enthalpy diagram in function of time 

Sometimes, the compressor tries to start just when the heat pump went off. So the pressure in the 
system is not equalized (Figure 45, (d)), and the compressor wants to start at its maximum speed. In 
order to reach its maximal speed, the compressor needs a high current. To prevent any damages, 
the heat pump control system shuts down, and the heat pump needs to be restarted manually. 

The heat pump can be off for many hours if nobody is present to restart the system. If it is the 
case, the heat pump has to work hard to warm the house which stayed without heating during many 
hours. This problem happens very irregularly and is not solved yet, by the time this report is being 
written. 

A normal cycle runs during on an average time of 1h15min, and it is about 2h30min for a peak cy-
cle. 

 

Figure 46: Fluid temperature at different depths during heat pump operation, flow rate 1.5 m3/h, zoom 

Something interesting which can be pointed out is the shape of the temperature curves, which is 
here rounded. This is due to the presence of the inverter compressor. As explained before, a com-
pressor using the inverter technology can vary its speed, and therefore its suction volume and its 
power. The refrigerant flow rate is variable, and so the amount of heat exchanged. This means that 
the temperature of the secondary working fluid will change during the time, explaining the rounded 
shape of the fluid temperature curves when the heat pump is working. 

When the compressor works at its highest speed, the largest amount of heat will be exchanged at 
the evaporator. As the demand of heat is increasing, temperature of the secondary working fluid at 
the evaporator will decrease, to provide the heat asked (Figure 47). 
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Figure 47: Example of a working cycle of a compressor using the inverter 

The compressor frequency has been recorded by the tenant of the house (Figure 48). During a 
normal cycle, the frequency of the compressor is about 56 Hz, and about 75 Hz for a peak cycle. 

 

Figure 48: Motor speed (black, [rpm]) and output frequency (red, [Hz]) of the compressor of the heat 
pump during a normal cycle 

Thanks to this pre-analysis, it is known that there will be two studies to make about two different 
cycles. But even if two different types of cycles have been identified, it can be observed that a peak 
cycle for a given flow rate will be quite different from a peak cycle from another flow rate. The 
same observation can be done for a normal cycle. Moreover, two normal cycles or two peak cycles 
from the same flow rate are also different. 

6 . 3 . 2  T h e r m a l  p o w e r  

The assumption mentioned above about the differences between cycles is confirmed when the 
thermal power versus time is plotted for each flow rate as shown in Figure 49, thanks to Equation 
2. 
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Figure 49: Thermal power versus time, all flows 

It can be pointed out that there is no remarkable difference between these three flow rates. The 
amount of heat extracted during a normal cycle presents the same order of magnitude for each flow 
rates. The same comment can be done with a peak cycle. 

The heat provided by the heat pump is not constant during time and present several variations. It 
can clearly be seen that the thermal power is about 3-4kW for a normal cycle, and about 6-7 kW for 
a peak cycle, confirming the compressor malfunction. 

It has also to be kept in mind that the heat pump is never working in steady flux conditions. Meas-
ured data from thermal response tests show that it takes normally around 15h for the secondary 
working fluid in a CBHE of a heat pump which is working to reach a steady flux. In our case, the 
heat pump never works more than about 2h30. So it is difficult to make an analysis on one single 
point. 

In order to analyze more deeply and to compare the performances of the heat pump for these three 
flow rates, it has to be compared data when the same thermal power is given by the heat pump, and 
approximately for the same conditions for the fluid in each case. Otherwise it is not possible to 
make a valid analysis, as the data are always changing for each flow rate. 

The first analyze is made for points that fill two criteria: 

 The same amount of heat is exchanged for these points. 
 They are taken when the fluid has circulated in the whole CBHE. 

 

So the time for the secondary working fluid for circulating in the whole borehole has been calculat-
ed. By using Equation 5, this circulation time has been calculated for the three different sections of 
the CBHE, as defined in Figure 50. 
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Figure 50: Different sections of the CBHE 

The theoretical time for the fluid to circulate in each sections of the CBHE defined previously is 
indicated in Table 8. 

Table 8: Circulation time for the secondary working fluid at different flow rates 

Q [m3/h] = 2.1 1.8 1.5 

Q [l/s] = 0.583 0.5 0.417 

Internal pipe T1 [s] = 280.26 326.98 392.37 

External pipe (non-insulated part) T2 [s] = 636.17 742.20 890.64 

External pipe (insulated part) T3 [s] = 249.83 291.47 349.76 

Ttotal [s] = 1166.27 1361 1632.78 

Ttotal [min] = 20 23 28 

 

The theoretically time that the fluid needs to circulate in the whole CBHE is known now. The next 
step is to find points which have the same thermal power once the fluid has circulated in the whole 
CBHE for a normal and a peak cycles. 

The following points with almost the same thermal power have been chosen for the data analysis, 
as shown in Table 9. 

Table 9: Measurements points chosen for the study 

Flow rate [m3/h] 2.1 1.8 1.5 Thermal power [kW] 

Normal cycle Time [h] 3.036 3.597 4.422 3.7 

Peak cycle Time [h] 35.046 31.845 40.821 4.6 

 

6 . 4  D a t a  a n a l y s i s  

Thanks to the pre-analysis, the selected points are then analyzed. 



54

6 . 4 . 1  C h a r a c t e r i s t i c s  c u r v e s  

Figure 51 represents a typical shape of the fluid temperature in a borehole heat exchanger and of 
the borehole wall temperature. 

The fluid goes down in the borehole with an inlet temperature around 4.4°C and start extracting 
heat from the ground. Its temperature increases slightly. Then the fluid reaches the bottom of the 
borehole with a temperature about 5°C and goes up to the surface. It continues collecting heat on 
its way up. The outlet temperature of the fluid is about 6°C. 

It can be observed that the temperature of the borehole wall is very close to the temperature of the 
fluid. The temperature of the bottom of the borehole wall is about 9°C. This high temperature is 
due to an amount of water which is nearly undisturbed, as explained before. Moreover, it is situated 
at the bottom of the borehole, which is the place where the temperature of the ground is the high-
est. This bottom part of the curve will be removed in the rest of the analysis, because it does not 
provide relevant information for the purpose of this study. 

 

Figure 51: Depth versus temperature, normal cycle, 2.1 m3/h 

6 . 4 . 2  D e p t h  v e r s u s  t e m p e r a t u r e  

The temperature profile for each flow rates for a normal cycle and a peak cycle (Figure 52) show 
clearly that during a peak cycle, the difference temperature between the inlet and the outlet of the 
CBHE is bigger. The amount of heat exchanged is then bigger. 
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Figure 52: Temperature profile during heat pump operation, normal and peak cycles all flow rates 

It can be noticed on Figure 53 and Figure 54 that when the flow rate is lower, the temperature dif-
ference between the inlet and the outlet of the CBHE is bigger. Indeed, as the same amount of heat 
is asked by the house and as the flow rate is decreasing, automatically the temperature difference 
between the inlet and the outlet of the CBHE has to increase (Equation 2). 

 

Figure 53: Temperature profile during heat pump operation, normal cycle, all flows 
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Figure 54: Temperature profile during heat pump operation, peak cycle, all flows 

The evolutions of the temperature of the fluid and of the borehole wall in function of the depth 
have been plotted for a normal and a peak cycle (Figure 55 and Figure 56). 

The temperature of the borehole wall is around 6.5°C for a normal cycle and around 6°C for a peak 
cycle. As more heat is taken from the ground during a peak cycle, it is logical that the temperature 
of the ground is decreasing. 

 

Figure 55: Depth versus fluid temperature and borehole wall temperature, normal cycle, all flows 
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Figure 56: Depth versus fluid temperature and borehole wall temperature, peak cycle, all flows 

6 . 4 . 3  A v e r a g e  t h e r m a l  p o w e r  

Figure 57 represents an average thermal power which has been calculated for each flow rate using 
Equation 2 encompassing the normal and the peak cycles, during all the duration of the experiment. 
It can be noticed that the scale is small, and so the thermal power variation too (between 4 and 4.4 
kW). It is logical to have a similar average thermal power for each flow rate as the house is demand-
ing a similar amount of heat. As the amount of heat is relatively constant, if the flowr ate is 
changing, the temperature difference between the inlet and the outlet will increase. 

 

Figure 57: Average thermal power for each flow rate during all the duration of the experiment 



58

6 . 4 . 4  S p e c i f i c  h e a t  e x t r a c t i o n  p e r  s e c t i o n  o f  t h e  C B H E  

The thermal power per meter has been calculated in 4 different sections (1, 2, 3, and 4, according 
the flow direction) of the CBHE (Figure 58), in order to see how the heat is exchanged in different 
sections, and if the effect of the insulation can be observed. 

The water enters in the CBHE by the central pipe, goes downwards through it and then goes up-
wards through the external pipe. In order to avoid a thermal shunt between the down and the up 
going fluid, about half of the central pipe has been insulated. Having only the upper half of the cen-
tral pipe insulated would normally allow seeing the effect of the insulation in comparison with the 
non-insulated part. 

 

Figure 58: Different sections of the CBHE 

The curves below (Figure 59 and Figure 60) are cut in four sections. In the first one, the fluid is go-
ing down the insulated central pipe; then it comes into the second part of the central pipe which is 
not insulated and reaches the bottom of the central pipe. The fluid goes upwards in the external 
pipe in the third section and then in the fourth section, which is in contact with the insulated cen-
tral pipe. 

The heat extracted per meter from the ground for each different sections and flow rates is calculat-
ed by using Equation 3. As it was said before, these curves are plot for the same total thermal pow-
er. 
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Figure 59: Heat extracted for different sections of the CBHE, normal cycles, all flows 

 

 

Figure 60: Heat extracted for different sections of the CBHE, peak cycles, all flows 

It can be clearly seen that more heat is exchanged in section 3 in each case. 

Another way to present these results is made with the following graphs (Figure 61, Figure 62). 
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Figure 61: Heat extracted in different sections of the CBHE, normal cycles, all flows 

 

 

Figure 62: Heat extracted in different sections of the CBHE, peak cycles, all flows 

The general tendency for all the flow rates is that the heat extracted per meter decreases in the sec-
tion 1 and 2, and then reaches a maximum in the section 3. The heat extracted in the section 4 is 
more important compared to the section 1 and 2 for a peak cycle. 

By comparing the three flow rates in each section, higher is the flow rate and lower the heat ex-
change is in the two first sections. It is the contrary in the last two sections 3 and 4. This tendency 
is not repeated for the flow rate 1,8m3/h during a peak cycle in sections 1 and 4, for inexplicable 
reasons. 

In order to go deeper in the analysis, the hydraulic diameter, Reynolds number and the convection 
coefficient have been calculated (Table 11). 

First, the hydraulic diameter was calculated for each section of the CBHE with Equation 13. 
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Then Reynolds number and Prandtl number have been calculated for each section of the CBHE, 
thanks to Equation 6 and Equation 11. Reynolds number has been calculated by using the water 
properties at 10°C listed in the table below. 

Table 10: Water properties at 10°C 

Density 999.2 kg/m3 

Heat capacity at constant pressure 4195 J/kg*C 

Dynamic viscosity 0.00131 Pa*s 

Thermal conductivity 0.585 W/m*C 

 

As the conditions for applying Equation 12 are respected, the Nusselt number has been calculated 
too. 

Then the convection coefficient has been calculated with Equation 14. 

An approximation has been done concerning the convection coefficient. The inner and outer con-
vection coefficients are assumed to be equal, and they have been calculated by using the hydraulic 
diameter (Incropera, 2005). 

Table 11: Reynolds number, convection coefficients and hydraulic diameter 

Q [m3/h] = 2.1 1.8 1.5 

Internal pipe 
(sections 1 and 

2) 

Re = 16094.05 13794.90 11495.75 

hi,1 [W/m2K] = 2277.51 1981.73 1677.67 

Hydraulic diameter = 0.0352 

External pipe 
(section 3) 

Re = 7553.47 6474.41 5395.34 

hi,2 [W/m2K] = 530.04 455.61 378.66 

Hydraulic diameter = 0.075 

External pipe 
(section 4) 

Re = 12053.42 10331.50 8609.58 

hi,3 [W/m2K] = 1312.35 1138.25 958.97 

Hydraulic diameter = 0.047 
 

By having a look to Table 11, it can be observed that the Reynolds number is higher in the sections 
1 and 2, then in section 4 and then in section 3. There is the same tendency concerning the convec-
tion coefficients. Concerning the hydraulic diameter, it is higher in the section 3, then in section 4 
and finally in sections 1 and 2. 

The fluid gets more heat in the section 3 for many reasons. First because there is an undisturbed 
amount of water which is at a high temperature as explained before; and because the temperature 
of the ground is the highest at this part. In the external pipe, the fluid is nearly directly in contact 
with the ground. Indeed, the external pipe is very thin (0.4 mm of thickness). The heat exchange is 
then enhanced. It can be assume that the hydraulic diameter is playing an important role here, be-
cause the hydraulic diameter in the section 3 is the highest of the CBHE compared to the other sec-
tions. The role of the hydraulic diameter seems to be more significant than the role of the Reynolds 
number and convection coefficient, because the values of the latest are the lower in the CBHE 
compared to the other sections. 

In the section 4, the fluid is already warm. So the temperature difference between the fluid and the 
ground is not so important compared to the other sections. The heat exchange decreases then. 
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The effect of the insulation cannot be clearly pointed out from these results, because more heat is 
exchanged in section 1 than in section 2. Of course, the section 1 is the coldest part of the CBHE. 
There is a big temperature difference between this section and the ground and the rest of the 
CBHE. There is a big heat exchange in this section due to this temperature difference. The insula-
tion is supposed to decrease this heat exchange, but still, more heat is exchanged in the section 1 
than in the section 2. The general theoretically profile expected was the following (Figure 63). 

 

 

Figure 63: Sketch of the theoretically thermal power per meter expected 

In Figure 63, the fluid is going in the central pipe at a certain temperature, but its temperature does 
not increase so much because of the presence of the insulation (section 1). Because of the presence 
of the insulation around the central pipe, the thermal shunt between section 1 and 4 is reduced. The 
amount of heat extracted is then not so important compared to the other sections. Then the fluid 
goes in section 2. The thermal power per meter increases, because the fluid is deeper in the ground 
but also because of the thermal shunt between sections 2 and 3 (there is no insulation). The fluid 
goes in section 3. The latter has the highest thermal power per meter, for the same reasons ex-
plained before (thin thickness of the external pipe, highest temperature of the ground). The fluid fi-
nally arrives in section 4, the thermal power decreases because the fluid is already relatively warm, 
so the temperature difference between the fluid and the ground is low as compared to the other 
sections. 

It is difficult to observe the effect of the insulation from these data. 

There is a big thermal shunt between the sections 1&4 despite the presence of the insulation, be-
cause the section 1 of the CBHE is the coldest section. Thanks to the big temperature difference 
between the fluid in the section 1 and the section 4 which is the warmest, a big heat exchange and 
so thermal shunt can happen. 

The thermal shunt between the sections 2&3 is lower compared to the thermal shunt in the section 
1&4, even if there is no insulation around the central pipe. This is due to the fact that the fluid 
temperature in the section 2 and 3 are quite close from each other. 

The thermal contact between the sections 1&4 and 2&3 of the CBHE vary with the flow rate. The 
general tendency is the following. When the flow rate decreases, the heat extracted per meter in the 
section 1 and 2 increases while the heat extracted per meter in the section 3 and 4 decreases. It can 
be assumed that the reason of this behavior is that the thermal shunt increases when the flow rate 
decreases. 

Theoretical calculation of the heat transfer in section 3 

A theoretical calculation has been led in order to confirm that the amount of heat extracted in the 
section 3 of the CBHE is as high as measured. Figure 64 represents a cross section view of the pipe 
in the section 2 and 3 of the CBHE. 
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Figure 64: Non insulated cross section of the CBH with external pipe and undisturbed water 

Phenomena of conduction and convection are taking place in this CBHE cross section. It has been 
assumed that there is conduction between the points 2-3, 4-5, and 6-7, and of convection between 
the points 1-2 and 3-4. Another assumption is also made concerning the presence of a contact re-
sistance between the points 5-6. 

Table 12 reminds the convection coefficients calculated before, and indicates also the wet perimeter 
calculated for a cross section of the CBHE. 

Table 12: Convection coefficient and wet perimeter 

Q [m3/h] = 2.10 1.80 1.50 

Q [l/s] = 0.58 0.50 0.42 

Internal pipe 
hi,1 [W/m2*C] = 2277.51 1981.73 1677.67 

Wet perimeter [m] = 0,11 

External pipe (non-insulated) 
hi,2 [W/m2*C] = 530.04 455.61 378.66 

Wet perimeter [m] = 0.49 

External pipe (insulated part) 
hi,3 [W/m2*C] = 1312.35 1138.25 958.97 

Wet perimeter [m] = 0.57 

 

The thickness of the external pipe is 0.4mm and its thermal conductivity is assume equal to the 
thermal conductivity of the water, 0.6 W/m*K. 

The assumption is made that there is little gap (1.5 mm of width) between the external pipe and the 
ground which is filled with groundwater. This gap is at the origin of the presence of the contact re-
sistance. 

The CBHE dimensions used for this theoretical calculation are listed in Table 13. 
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Table 13: Initial conditions for the heat flux calculation 

 [Km/W] = 0.006773305 R2 [m] = 0.0176 

 [m] = 0.0015 R3 [m] = 0.02 

 [W/mK] = 0.586 R4 [m] = 0.0575 

	  [W/mK] = 0.6 R5 [m] = 0.0579 

Thickness	of	the	external	pipe [m] = 0.0004 R6 [m] = 0.0594 

 

Thanks to the measurement, the following temperatures are known: 

 Tf1: temperature of the fluid in the central pipe. 
 Tf2: temperature of the fluid in the external pipe. 
 Tb: temperature of the borehole wall. 

 

The thermal resistance between the central and the external pipe is a sum of three thermal re-
sistances. 

 The convective heat transfer resistance between the fluid inside the central pipe and the in-
ner surface of the central pipe, calculated with Equation 21. 

 The thermal resistance of the central pipe itself, calculated with Equation 15. 
 The convective heat transfer resistance between the fluid inside the external pipe and the 

outer surface of the central pipe, calculated with Equation 21. 
 

The thermal resistance between the external pipe and the borehole wall is also a sum of three ther-
mal resistances. 

 The convective heat transfer resistance between the fluid inside the external pipe and the 
inner surface of the external pipe, calculated with Equation 21. 

 The thermal resistance of the central pipe itself, calculated with Equation 15. 
 The contact resistance between the external pipe and the borehole wall, calculated with 

Equation 16. 
 

Figure 65 shows how the heat fluxes are distributed in the CBHE. 

 

Figure 65: Description of the thermal phenomena in a CBHE 
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Then the heat flux per meter can be calculated in the section 3 of the CBHE, using Equation 23. 
The results are compared to the data obtained from the experiment (Table 14). The theory con-
firms here the experiment: a high thermal power per meter is exchanged in the section 3 of the 
CBHE. 

Table 14: Comparison theoretical and experimental heat flux per meter in the section 3 of the CBHE 

 Flow rate 1.5 m3/h Flow rate 1.8 m3/h Flow rate 2.1 m3/h 

NC PC NC PC NC PC 
Theory 34.68 47.22 35.75 39.36 32.59 43.04 

Experiment 20.03 24.42 21.04 24.54 21.33 25.13 

6 . 4 . 5  H e a t  e x t r a c t e d  a s  a  f u n c t i o n  o f  t i m e  

By using Equation 2, the total heat extracted along the fiber optic cable was calculated. Thanks to 
these results, the evolution of the heat extracted as a function of time is plotted (Figure 66). The 
evolution of the inlet temperature fluid is then added on the same chart. 

During a normal cycle, the HP provides between 3 and 4 kW of heat. During peak cycle, this quan-
tity reaches 6 or 7 kW of heat. 

 

Figure 66: Comparison of the thermal power and the inlet fluid temperature versus time, 2.1 m3/h 

When the heat pump is not working, the temperature of the fluid is between 5°C to 7°C. It is more 
or less the average temperature of the undisturbed ground. Then the heat pump starts working and 
the temperature of the fluid decreases, while giving its heat to the evaporator. It can be clearly seen 
that when there is peak cycle, the temperature of the fluid decreases much more than where there is 
a normal cycle. 

This can be confirmed by comparing Figure 67 and Figure 68, in which the inlet temperature of the 
fluid is decreasing when the flow rate is decreasing, as the amount of demanded heat is constant. 
The inlet temperature of the water for the lowest flow rate at 1.5 m3/h was sometimes very close to 
freeze (less than 2 degrees). This information has to be kept in mind for the future experiment and 
maybe application of this system. 
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Figure 67: Comparison of the thermal power and the inlet fluid temperature versus time, 1.8 m3/h 

 

 

Figure 68: Comparison of the thermal power and the inlet fluid temperature versus time,1.5 m3/h 
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6 . 4 . 6  T e m p e r a t u r e  v e r s u s  t i m e  

It can be observed on Figure 69, Figure 70 and Figure 71 the evolution of three temperatures in 
time: The inlet water temperature, the outlet water temperature, and the average borehole wall tem-
perature. 

When the heat pump starts working, the inlet water temperature decreases strongly. This is happen-
ing because the evaporator of the heat pump is taking heat from the water. 

When the heat pump is not working, the thermal recovery of this design of BHE is clearly identifi-
able. It is important to point out here that the circulation pump was always kept on between cycles. 

The temperatures of the water (inlet and outlet) suit almost perfectly the mean temperature of the 
borehole wall. This is due to the fact that the thickness of the external pipe is very thin. So the sec-
ondary working fluid is very close to the borehole wall: the thermal resistance is very low, and the 
heat transfer is facilitated. 

 

Figure 69: Temperature versus time, zoom, 2.1 m3/h 
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Figure 70: Temperature versus time, zoom, 1.8 m3/h 

 

 

Figure 71: Temperature versus time, zoom, 1.5 m3/h 
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6 . 4 . 7  P r e s s u r e  d r o p  

By using Equation 8 and Equation 9, the pressure drop due to the fluid friction in each sections of 
the CBHE has been calculated, and thus for each flow rates. 

Equation 10 shows how the pumping power of the pump (and so the electric consumption) inter-
acts with the pressure drop and the fluid velocity. 

If the flow rate decreases, the pressure drop and the electric consumption will also decrease (Figure 
72) while the temperature difference between the inlet and the outlet of the secondary working fluid 
will increase. The inlet temperature will decrease, and as water is used as secondary working fluid, 
there are some risks that this fluid freezes. For avoiding this phenomenon, the flow will have to in-
crease, in order to reduce the temperature difference between the inlet and the outlet of the fluid. 

It could be interesting to have an intelligent system which can set the correct flow rate in order to 
save energy on the electric consumption of the pump while keeping the water unfrozen. This kind 
of system would be able to consume only the electric power needed. 

 

Figure 72: Pressure drop due to the fluid friction for each sections of the CBHE and for each flow rate 

The pressure drop in the internal pipe is higher because its diameter is small compared to the diam-
eter of the external pipe (Figure 72). The flow rate is higher for the external pipe which is not in 
contact with the insulated central pipe part (section 3). That is why the pressure drop is low here 
compared to section 4 (Figure 73). 



70

 

Figure 73: Pressure drop due to the fluid friction for each sections of the CBHE and for each flow rate 

6 . 4 . 8  S e c o n d a r y  w o r k i n g  f l u i d :  w a t e r  

In the installation in Lidingö, water is used as a secondary working fluid. Using water as a secondary 
working fluid instead of a solution with glycol is more ecologically friendly and provides better hy-
draulically performances. In Sweden, water with a 30% volume concentration of ethanol is general-
ly used. The purpose of this is reducing the freezing point of the fluid around -15°C, but it also 
changes the properties of the fluid. It is very important to remind the fact that the water can freeze 
very easily. As it was said before, a fourth flow rate was planned to be set before starting the exper-
iment. But already with the 1.5 m3/h flow rate, the water was sometimes very close to freeze 
(Figure 74). 

 

Figure 74: Evolution of the inlet temperature of the water in function of time 

It can be imagined, for example, for future systems that the pump of the cold loop adapts the fluid 
velocity in order to have the amount of heat desired, while keeping the water unfrozen. Having a 
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lower flow rate will limit the pressure drop (Figure 72), and by the same the electric consumption of 
the pump (Equation 10). 

6 . 4 . 9  E v o l u t i o n  o f  t h e  t e m p e r a t u r e  p r o f i l e  d u r i n g  t i m e  

Figure 75, Figure 76 and Figure 77 show the evolution of the temperature profile of the secondary 
working fluid during a normal cycle, for each flow rate. 

 

Figure 75: Temperature profile during heat pump operation, normal cycle, 2.1 m3/h, every 20 min 

The same shape at different temperatures is founded for the other flow rates (Figure 76 and Figure 
77). 
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Figure 76: Temperature profile during heat pump operation, normal cycle, 1.8 m3/h, every 20min 

 

Figure 77: Temperature profile during heat pump operation, normal cycle, 1.5 m3/h, every 20 min 

On Figure 75, at the beginning, the temperature of the secondary working fluid is nearly constant at 
6.3°C. As the pump of the cold loop is always working, this temperature represents the average 
temperature of the undisturbed ground. Then, the heat pump starts working. The heat is taken 
from the ground and delivered to the evaporator. So the fluid comes into the CBHE with a de-
creasing temperature in function of the time. That is why the inlet temperature decreases. The dif-
ference between the inlet and the outlet temperature gets bigger over the time, meaning that more 
heat is extracting. The temperature profile is stable after a while, depending on the flow rate settled. 
The temperature difference between the inlet and the outlet begins then to decrease, according to 
Figure 78. The latter represents the evolution of the temperature difference between the outlet and 
inlet of the CBHE in function of time. The thermal power is also represented in order to know 
when the heat pump works. 
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Figure 78: Evolution of the water temperature difference between the inlet and the outlet during the time 

When the heat pump stops working, the temperature of the fluid recovers slowly its initial tempera-
ture (Figure 75, Figure 76 and Figure 77). No more heat is taken by the evaporator, so the fluid 
comes into the CBHE with a higher temperature to finally reach a steady state. And the system fi-
nally gets back to the initial situation, measuring the average temperature of the ground. 

The performances of a GSHP system may decrease over the years since heat is extracted continu-
ously during the winter and the ground around the borehole heat exchanger is getting colder, reduc-
ing by the same time its performance. It is difficult to quantify this loss of efficiency, because the 
heat pump is not working all the time. The ground needs some time to recover its initial tempera-
ture. Moreover, heat can be provided to the ground if the GSHP is used as a cooling system (it is 
not the case here, the system is only used for providing heat). Unfortunately, this loss of efficiency 
was not visualized here because the period of experiment was too short in time. Figure 79 is a 
zoomed view of the evolution of the average borehole wall temperature in function of time during 
the measurements. The average temperature of the borehole wall is between 5.5°C and 7.5°C. There 
is in this period of time no tendency which shows an eventual loss of efficiency of the system, as 
shown in Figure 79. 
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Figure 79: Evolution of the average borehole wall temperature in function of time, zoom 

An interesting thing to notice is that analyzed points can be situated in time. Six points have been 
analyzed previously (Table 9). Each of these six points can be situated in time in a depth versus 
temperature diagram (Figure 80, Figure 82, Figure 84, Figure 86, Figure 88, and Figure 90) and in a 
time versus temperature diagram (Figure 81,Figure 83, Figure 85, Figure 87, Figure 89, and Figure 
91). 

 

Figure 80: Temperature profile during heat pump operation, every 20 minutes. Study 1, position of the 
point analysed, flow rate 2.1 m3/h, normal cycles 
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Figure 81: Temperature versus time: position of the point analysed, 2.1 m3/h, normal cycles 

 

Figure 82: Temperature profile during heat pump operation, every 20 minutes. Study 1, position of the 
point analysed, flow rate 1.8 m3/h, normal cycles 
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Figure 83: Temperature versus time: position of the point analysed, 1.8 m3/h, normal cycles 

 

Figure 84: Temperature profile during heat pump operation, every 20 minutes. Study 1, position of the 
point analysed, flow rate 1.5 m3/h, normal cycles 
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Figure 85: Temperature versus time: position of the point analysed, 1.5 m3/h, normal cycles 

 

Figure 86: Temperature profile during heat pump operation, every 20 minutes. Study 1, position of the 
point analysed, flow rate 2.1 m3/h, peak cycles 
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Figure 87: Temperature versus time: position of the point analysed, 2.1 m3/h, peak cycles 

 

Figure 88: Temperature profile during heat pump operation, every 20 minutes. Study 1, position of the 
point analysed, flow rate 1.8 m3/h, peak cycles 
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Figure 89: Temperature versus time: position of the point analysed, 1.8 m3/h, peak cycles 

 

Figure 90: Temperature profile during heat pump operation, every 20 minutes. Study 1, position of the 
point analysed, flow rate 1.5 m3/h, peak cycles 
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Figure 91: Temperature versus time: position of the point analysed, 1.5 m3/h, peak cycles 

For each point analyzed, it can be seen that the temperature profile in a depth versus temperature 
chart is almost stable (Figure 80, Figure 82, Figure 84, Figure 86, Figure 88, and Figure 90). When 
the points analyzed are situated in time in Figure 81, Figure 83, Figure 85, Figure 87, Figure 89, and 
Figure 91, it can be seen also that the different points analyzed are taken almost in the same part of 
the curve time versus temperature charts. 

The temperature profile is sometime not perfectly stable. So a short extra analysis is made based on 
points having the same thermal power and from when the temperature profile is supposed more 
stable (later in time in HP cycle compared to the first point analysed). 

The following table shows the properties of the points chosen for this second analysis. Like in the 
first data analysis, these points are chosen for the same amount of heat exchanged. 

Table 15: Measurement points chosen for the second data analysis 

Flow rate [m3/h] 2.1 1.8 1.5 Thermal power [kW] 

Normal cycle Time [h] 43.263 43.527 44.154 3.5 

Peak cycle Time [h] 60.885 48.774 52.668 2.9 

 

There is only 2.9kW exchanged during the peak cycles here, because it was the only common value 
of heat exchanged for peak cycles around the time chosen. 

As previously, the points analysed can be situated in time in a depth versus temperature diagram 
(Figure 92, Figure 94, Figure 96, Figure 98, Figure 100, and Figure 102) and in a timer versus dia-
gram (Figure 93, Figure 95, Figure 97, Figure 99, Figure 101, and Figure 103) 
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Figure 92: Temperature profile during heat pump operation, every 20 minutes. Study 2, position of the 
point analysed, flow rate 2.1 m3/h, normal cycles 

 

Figure 93: Temperature versus time. Study 1: position of the point analysed, 2.1 m3/h, normal cycles 

 



82

 

Figure 94: Temperature profile during heat pump operation, every 20 minutes. Study 2, position of the 
point analysed, flow rate 1.8 m3/h, normal cycles 

 

Figure 95: Temperature versus time. Study 1: position of the point analysed, 1.8 m3/h, normal cycles 
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Figure 96: Temperature profile during heat pump operation, every 20 minutes. Study 2, position of the 
point analysed, flow rate 1.5 m3/h, normal cycles 

 

Figure 97: Temperature versus time. Study 1: position of the point analysed, 1.5 m3/h, normal cycles 

It can be observed by having a look to figures representing normal cycles (Figure 92, Figure 93, 
Figure 94, Figure 95, Figure 96, and Figure 97) that the temperature profile is stable. 

But this is not the case concerning the peak cycles (Figure 98, Figure 99, Figure 100, Figure 101, 
Figure 102, and Figure 103). The points chose are taken latter in time, and that is why the heat ex-
changed for the points chosen for peak cycles is lower compared to the peak cycles points chosen 
for the first study. 
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Figure 98: Temperature profile during heat pump operation, every 20 minutes. Study 2, position of the 
point analysed, flow rate 2.1 m3/h, peak cycles 

 

Figure 99: Temperature versus time. Study 2:  position of the point analysed, 2.1 m3/h, peak cycles 
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Figure 100: Temperature profile during heat pump operation, every 20 minutes. Study 2, position of the 
point analysed, flow rate 1.8 m3/h, peak cycles 

 

Figure 101: Temperature versus time. Study 2:  position of the point analysed, 1.8 m3/h, peak cycles 
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Figure 102: Temperature profile during heat pump operation, every 20 minutes. Study 2, position of the 
point analysed, flow rate 1.5 m3/h, peak cycles 

 

Figure 103: Temperature versus time. Study 2: position of the point analysed, 1.5 m3/h, peak cycles 

If comparing the points chosen for the first data analysis (Table 9) for the second data analysis 
(Table 15), it can be observed that the thermal power for the normal cycles are quite the same (3.7 
kW against 3.5 kW in the second data analysis) but are quite different for the peak cycles (4.6 kW in 
the first data analysis instead of 2.9 kW for the second data analysis). This is due to the fact that 2.9 
kW was the only common thermal power obtained for all the flow rates for a stable temperature 
profile. 

6 . 4 . 9 . 1  D e p t h  v e r s u s  t e m p e r a t u r e  

Figure 104 represents the evolution of the temperature in fuction of the depth for all flow rates and 
cycles. 
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Figure 104: Temperature profile during heat pump operation, normal and peak cycles, all flows 

The temperatures at the bottom of the CBHE are quite the same for the normal cycles. This is also 
the case for the peak cycle, except for the flow rate 1.8 m3/h. 

It can be noticed that the inclination of the curve when the fluid is going down in the CBHE is 
more important in the peak cycle case than in a normal cycle case (Figure 104). 

Figure 105 shows the temperature profile during a normal cycle for all the flow rates. It is the same 
case as previously. The temperature difference between the inlet and the outlet is bigger when the 
flow rate decreases. 

 

Figure 105: Temperature profile during heat pump operation, normal cycle, all flows 
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It can be confirmed with the Figure 106 what it was said before. The slope of the curve is really 
important during the first part, when the fluid goes down in the CBHE. That means that the fluid 
temperature is quite constant while it is going down. This effect is may be due to the presence of 
the insulation in the first section of the CBHE, but it is more surprising in the second section, 
where the CBHE is not insulated. Then, the fluid temperature increases quicker because the fluid is 
in the external pipe, and so closer to the ground. As the fluid remained cold in the first part, there is 
a big temperature difference between the fluid and the borehole. It implies then a big heat transfer 
that is why the fluid gets so much heat.  

 

Figure 106: Temperature profile during heat pump operation, peak cycle, all flows 

The general tendency for the borehole wall temperature is the same than in the first data analysis. 
The borehole wall temperature is lower for a peak cycle, because more heat is extracted, than for a 
normal cycle (Figure 107, Figure 108). 

 

Figure 107: Depth versus fluid temperature and borehole wall temperature, normal cycle, all flows 
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Figure 108: Depth versus fluid temperature and borehole wall temperature, peak cycle, all flows 

A quick comparison of the temperature profiles from the two different data analysis (the first one 
with the temperature profile not stable, and the other one with the stable temperature profile) can 
be made. The general shapes of the curves plotted in Figure 109, Figure 110, and Figure 111 are the 
same, but in a different time and for a different thermal power. 

 

Figure 109: Comparison of the two data analysis, depth versus temperature, normal cycle, flow rate 2.1 
m3/h 
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Figure 110: Comparison of the two data analysis, depth versus temperature, normal cycle, flow rate 1.8 
m3/h 

 

Figure 111: Comparison of the two data analysis, depth versus temperature, normal cycle, flow rate 1.5 
m3/h 

6 . 4 . 9 . 2  S p e c i f i c  h e a t  e x t r a c t i o n  p e r  s e c t i o n  o f  t h e  C B H E  

The thermal power per meter per section of the CBHE is then plotted (Figure 112, Figure 113). As 
in the previous study, more heat is still extracted in the section 3 of the CBHE. 

The general evolution of heat extracted for a normal cycle is quite the same in the section 1 and 2 
for the two analyses. More heat is taken in the first section than in the second. For a peak cycle, it is 
more difficult to point out a general behaviour. 
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Figure 112: Heat extracted for different sections of the CBHE, normal cycle, all flows 

 

Figure 113: Heat extracted for different sections of the CBHE, peak cycle, all flows 

One of the data may be false, because a negative heat extracted per meter is found is the section 2 
for a 2.1 m3/h flow rate during a peak cycle. This means that the fluid temperature decreases, which 
is improbable. 

The same results are plotted in columns in Figure 114 and Figure 115. 
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Figure 114: Heat extracted in different sections of the CBHE, normal cycle, all flows 

In Figure 114, the general tendency is the same than in the previous data analysis. The heat ex-
changed in the section 1 higher than in the section 2, and reaches a peak in the section 3. Then the 
heat exchanged decreases in the section 4. The value of the heat exchanged in the section 4 is high-
er than in the sections 1 and 2. 

If comparing each flow rate in each section, the general tendency is as follow. In the section 1, the 
lower is the flow rate and the highest the heat exchanged is. Then in sections 2, 3 and 4, it is the 
contrary. A high flow rate is coupled with a high heat exchanged. But once again, the flow rate 1.8 
m3/h doesn’t follow this tendency for inexplicable reasons. 

 

Figure 115: Heat extracted in different sections of the CBHE, peak cycle, all flows 

It can be observed in Figure 115 that the heat exchanged in the CBHE profile doesn’t seem to fol-
low any logic for the peak cycles. This remark is valid for the section 1 and 2, where there is no log-
ical evolution of the quantity of heat extracted per meter, and whatever the flow rate. This is maybe 
due to the fact that the point chosen are not taken too late in time and so not for a stable tempera-
ture profile. 
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6 . 4 . 9 . 3  C o m p a r i s o n  o f  h e a t  e x t r a c t e d  p e r  s e c t i o n  o f  t h e  
C B H E  f r o m  t h e  f i r s t  a n d  t h e  s e c o n d  d a t a  a n a l y s i s  

An effective way to compare the heat extracted per meter in the different sections of the CBHE of 
these two analyses is to compare the percentage of heat extracted per section (Table 16 and Table 
17). 

Table 16: Thermal power per section [%], first data analysis 

Flow rate 1.5 m3/h Flow rate 1.8 m3/h Flow rate 2.1 m3/h Average, all flows 
Normal Peak Normal Peak Normal Peak Normal Peak Section of the CBHE 

25.2 18.6 22.3 22.2 20.3 15.4 22.6 18.7 1 

20.6 16.3 15.1 14.9 13.1 13.8 16.3 15.0 2 

44.9 44.5 46.9 44.3 47.7 45.7 46.5 44.8 3 

9.3 20.5 15.6 18.6 19.0 25.0 14.6 21.4 4 
 

Table 17: Thermal power per section [%], second data analysis 

Flow rate 1.5 m3/h Flow rate 1.8 m3/h Flow rate 2.1 m3/h Average, all flows 
Normal Peak Normal Peak Normal Peak Normal Peak Section of the CBHE 

21.3 6.0 20.8 8.6 14.7 8.4 18.9 7.7 1 

17.3 10.2 12.5 7.9 18.9 -0.8 16.2 5.8 2 

40.1 49.4 39.9 471 42.0 52.1 40.7 49.5 3 

21.3 34.3 26.8 36.4 24.5 40.3 24.2 37.0 4 
 

In each case, more heat is extracted in the section 3 of the CBHE (between 40-50%). 

By observing the average percentage for a normal cycle in the two analyses, the same profile of heat 
extraction is found. The heat extraction is higher in section 1 than in section 2, then reaches a peak 
in the section 3, and decreases again in the section 4. The same percentage of heat is extracted in 
the section 2. The only difference is the heat distribution for the section 1, 3, and 4. The difference 
of heat extracted in the section 4 for the normal cycles is maybe due to the fact that the points in 
the second study are taken later in time. 

Concerning the peak cycles in the second study, the heat repartition in the different sections of the 
CBHE doesn’t follow any logic compared to the peak cycles of the firs study. As it was said before, 
this is maybe due to the fact that the point chosen for the peak cycles are taken too late in time, and 
so not for a stable temperature profile as shown in Figure 98, Figure 99, Figure 100, Figure 101, 
Figure 102, and Figure 103 
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7  Computer modeling with COMSOL 

7 . 1  2 D  a x i s y m m e t r i c  s t u d y  

The main objective of this part is to create a numerical model on COMSOL Multi-physics of a 
CBHE which in some way corroborates tests made in Lidingö. Thanks to this model, it will be pos-
sible to make changes on different parameters (diameter, thickness…) in order to study their effect 
on the performance of the CBHE. Initially, only a steady state study has been done. 

7 . 1 . 1  A s s u m p t i o n s  

It is important to keep in mind that a model is an approximation of the reality. Assumptions have 
to be made in order to describe the reality.  

 2D axisymmetric problem 
It can be easily understood that the problem is 2D axisymmetric. So only the half of the CBHE is 
modeled in order to save time and power calculation.  

 Inlet data for COMSOL 
The inlet data used for COMSOL are based on the experimental study. The same points which 
have been analyzed in the previous chapter have been modeled, in order to be able to compare the 
results obtained with COMSOL with the experiments (Table 9). 

 Inlet fluid velocity 
As only half of the CBHE is modeled, the inlet fluid velocity used as input data in COMSOL is di-
vided by two. 

 Large scaled problem and similitude 
This problem is a large scaled problem. In order to save power calculation, a similitude study1 has 
been done to work on a smaller and representative model. Thanks to this study, the dimensions of 
the CBHE have been reduced by 10 (axial and radial). 

 Bottom part neglected of the CBHE 
As observed in the vertical temperature profiles shown in the previous chapter, there is a 14 m 
length difference between the external pipe and the internal pipe, and modeling such a big differ-
ence will not provide relevant information. So the length of the external pipe modeled is only 170 
meters instead of 184 meters. 

 External pipe neglected 
As the thickness of the external pipe is very thin (0.4 mm) compared to the other dimensions of the 
problem, the external pipe has been neglected in this study. Moreover, it would have been very dif-
ficult to create a mesh for this very thin geometry. 

 Corrugated plastic neglected 
As the thickness of the corrugated plastic is thin, it can imply meshing problems. For that reason, 
the corrugated plastic is not modeled. 

                                                      

1 Refer to the similitude study in Annex. 
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 Radius of the ground 
A radius of two meters of ground is surrounding the CBHE. 

7 . 1 . 2  G e o m e t r y  o f  t h e  m o d e l  

The geometry is very simple, and it is composed of different rectangles. The model has been built 
as shown in Figure 116. 

R1 [m] = 0.00176 Internal radius of the internal 
pipe 

R2 [m] = 0.002 External radius of the inter-
nal pipe 

R3 [m] = 0.0028 External radius of the inter-
nal pipe 

R4 [m] = 0.00575 Radius of the borehole 

R5 [m] = 0.20575 Radius of the ground consid-
ered 

L1 [m] = 8.4 Length of the insulation 

L2 [m] = 16.8 Length of the internal pipe 

L3 [m] = 17 Length of the borehole 

L4 [m] = 17.2 Length of the ground consid-
ered 

Figure 116: Specification of the COMSOL model (central pipe half insulated) 

7 . 1 . 3  M a t e r i a l  p r o p e r t i e s  o f  t h e  m o d e l  

The material properties of the model are listed in the table below. 

Table 18: Materials properties of the COMSOL model 

 ρ (kg/m3) (J/(kg K)) λ (W/(m K)) 

Ground 2600 850 3.5 

PE pipes 950 2000 0.40 

Insulation 100 1000 0.04 

Water Default properties in COMSOL 
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7 . 1 . 4  P h y s i c s  a n d  b o u n d a r i e s  c o n d i t i o n s  u s e d  

Thanks to Equation 6, the Reynolds number has been calculated in each part of the CBHE. The 
latter can be divided in 3 different sections (Figure 50): the central pipe, the external pipe without 
insulation on the internal pipe, the external pipe with insulation on the internal pipe (Table 19). 

Table 19: Fluid velocity and Reynolds number in each section of the CBHE 

Q [m3/h] = 2.1 1.8 1.5 

Q [l/s] = 0.58 0.5 0.42 

Internal pipe 
V [m/s] = 0.60 0.51 0.43 

Re= 16094.05 13794.9 11495.75 

External pipe (non-insulated) 
V [m/s] = 0.13 0.11 0.09 

Re= 7553.47 6474.41 5395.34 

External pipe (insulated part) 
V [m/s] = 0.34 0.29 0.24 

Re= 12053.42 10331.50 8609.59 

 

The Reynolds numbers calculated in the table above were also used in the calculation of the con-
vections coefficients (Table 12). 

By having a look to the Reynolds calculated numbers, we are in presence of a turbulent regime. In 
more of that, heat transfer is happening between solids and a moving fluid, so the COMSOL phys-
ics “Conjugate Heat Transfer” with turbulent flow k-ε has been chosen. 

The gravity is added on the water. 

The inlet and the outlet of the fluid are indicated to COMSOL. The inlet fluid velocity is indicated 
as well. The chosen flow direction is the same as used during the experiments. This data comes 
from the experiment. The fluid velocities used in the COMSOL studies are indicated in the table 
below. The fluid velocity was calculated with the similitude study2. 

Table 20: Inlet data for COMSOL 

Flow rate [m3/h] 2.1 1.8 1.5 

Cycle Normal Peak Normal Peak Normal Peak 

Inlet temperature [C] 4.77 3.79 4.27 3.61 4.16 2.64 

Fluid velocity [m/s] 0.599 0.514 0.428 

Similitude fluid velocity COMSOL [m/s] 2.997 2.569 2.141 

 

In order to have a behavior of the ground close to the reality, the temperature of the ground is not 
constant with the depth. An equation of the undisturbed ground temperature taken from a prece-

                                                      

2 Refer to the calculation in Annex section. 
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dent study of (Acuña, 2010) has been put in COMSOL. The equation is based on the curved shown 
in Figure 117. 

 

 

Figure 117: Undisturbed ground temperature profile 

Figure 118 shows a model built in COMSOL, with the ground on the CBHE on the left side, and 
the ground on the right side. 

 

Figure 118: Preview of the half insulated model made in COMSOL (the aspect ratio is not respected for 
a better visibility) 

Figure 119 shows a 3D representation of the CBHE model with the central pipe half insulated built 
in COMSOL. 
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Figure 119: Overview in 3D of the half insulated COMSOL model 

7 . 1 . 5  S i m u l a t i o n  

In order to visualize the effect of the insulation, three studies have been done. The only difference 
comes from the insulation around the central pipe. In the first study, the whole central pipe is insu-
lated; in the second study, half length of the central pipe is insulated (like in the installation in Lid-
ingö); and finally, in the last study, there is no insulation around the central pipe. The same study 
cases presented in the experimental part have been modeled, including the normal and the peak cy-
cles. 

The purpose when you are running simulations with a finite element software is to find a solution. 
In order to reach this objective, the solution has to converge. In COMSOL, there is a parameter 
called “damping factor” (COMSOL, 2011). Its role is to improve the convergence. In this study, 
the damping factor has been modified in order to find a solution. 

7 . 1 . 6  R e s u l t s  

Figure 120 shows an overview of the COMSOL with the half-insulated model. Thanks to this 
model, the heat repartition in the ground and in the CBHE can be seen. The temperature in the 
ground follows the curve of the undisturbed temperature profile of the ground used as a boundary 
condition (Figure 117). It can be clearly noticed at the bottom of the CBHE an amount of warm 
fluid, as it was observed during the experiment. It can be also remarked that the temperature differ-
ence is bigger between the section 1&4 compared to the section 2&3, which is logical. 
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Figure 120: Overview of the half-insulated COMSOL model once the simulation is over (the aspect ratio 
is not respect for a better visibility) 

7 . 1 . 6 . 1  D e p t h  v e r s u s  t e m p e r a t u r e  

 

Figure 121: Depth versus temperature, 2.1 m3/h, normal cycle, central pipe half insulated 

Figure 121 represents the evolution of the fluid temperature in function of the depth. The inlet 
temperature of the fluid is around 4.7°C. The fluid goes down through the central pipe and gets 
warmer. Then, it goes up while collecting more heat, and finally goes out with a temperature about 
7.2°C. It can, for example, be noticed that the same peak of heat is present at the bottom of the 
CBHE, for the same reasons written in the previous study. This part is, by the way, removed for 
the rest of the analyses. 
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The effect of the insulation is easily identifiable by comparing the shape of the curves of the differ-
ent studies (Figure 121, Figure 122 and Figure 123) with and without insulation. 

Concerning the study with the central pipe half insulated (Figure 121), the fluid doesn’t get so much 
heat in the section 1, because of the presence of the insulation. It prevents heat to go through the 
central pipe from the outside. Then, in sections 2 and 3, the fluid starts extracting heat from the 
ground. In section 4, the fluid gets even more heat than in the previous section. This is happening 
because of the presence of the insulation which avoids thermal shunt with the central pipe, so the 
fluid keeps its heat; this phenomenon happens also because of the shape of the undisturbed ground 
temperature used as a boundary condition in COMSOL Figure 117. By having a look to the latter, it 
can be seen that the temperature close to the ground surface is increasing. So the fluid can extract 
more heat while going up to the surface of the ground, even if the fluid temperature is increasing. 

 

Figure 122: Depth versus temperature, 2.1 m3/h, normal cycle, no insulation around the central pipe 

On Figure 122, the shape of the down going fluid indicates that the fluid is collecting a large 
amount of heat in the sections 1 and 2. Indeed, the fluid temperature is significantly increasing. In 
both sections, 1 and 2, this is mainly due to the fact that there is no insulation around the central 
pipe, so there is an important thermal shunt between the two pipes. The heat which is collected by 
the external pipe is given to the internal pipe. In section 3, the fluid collects a large amount of heat 
because it is directly in contact with the ground. The thermal shunt between sections 1&4 and 2&3 
gets higher as the fluid is going up. This happens because the fluid temperature is increasing while 
the fluid is going through the CBHE. So the temperature difference between the sections 1&4 is 
more important than in sections 2&3. This is why in section 4, the temperature of the fluid decreas-
es slightly. 
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Figure 123: Depth versus temperature, 2.1 m3/h, normal cycle, central pipe all insulated 

The central pipe is all insulated in this study (Figure 123), and the effect of this insulation is rele-
vant. When the fluid is going down in the CBHE, its temperature is nearly constant because of the 
presence of the insulation. The heat cannot reach the fluid present in the central pipe. Then the flu-
id goes upwards and extracts heat from the ground. This is due to the fact that the fluid tempera-
ture is cold compare to the ground temperature. This temperature difference and also the absence 
of the external pipe, facilitate the heat exchange. There is a slight bend in the up-going fluid be-
tween 4 and 6 meters. This is simply due to the temperature profile used as a boundary condition 
(Figure 117). The ground temperature is increasing in this part, so the fluid temperature is increas-
ing too. Something which is interesting is that finally, the outlet temperature of the fluid is about 
7.7°C, which is warner than in the previous studies. So even if there is almost no heat exchange in 
the sections 1 and 2 of the CBHE, this loss of heat compared to the other study (shown in Figure 
121, Figure 122) is largely compensated in the sections 3 and 4 of the CBHE, where a large amount 
of heat is taken from the ground compared to the two other studies (Figure 121, Figure 122). 

On the three following charts (Figure 124, Figure 125, and Figure 126), one for each flow rate, the 
evolution of the temperature of the secondary working fluid in function of the depth for normal 
and peak cycles is represented. The same analysis as before can be done. In the sections 1 and 2 of 
the CBHE, the presence of the insulation around the central pipe reduces the amount of heat col-
lected by the fluid. This is visible by the fact that the temperature of the fluid is nearly constant 
when the central pipe is insulated. However, in the sections 3 and 4, it can be seen that the fluid 
gets more heat for a CBHE with a central pipe insulated than for a CBHE with a central pipe par-
tially insulated or without insulation. And at the end, the outlet temperature of the fluid is higher 
for the CBHE with the central pipe all insulated. 

It can also be concluded that the thermal shunt is a really important phenomenon, by observing the 
curves when the central pipe is not insulated. The temperature of the fluid even decreases a bit in 
the section 4, whatever the flow rate and the type of cycle is. 

The outlet temperature of the fluid decreases slightly when the flow rate is decreasing, in contrast 
with the experiments. In the simulations, the fluid comes in the CBHE at a constant temperature 
and it can be observed the quantity of heat it has taken from the ground. In the simulations, the 
system is in a steady state and the temperature of the ground does not change. According to Equa-
tion 2, if the velocity is decreasing for a constant inlet temperature, the outlet temperature of the 
fluid will also decrease. 
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Figure 124: Depth versus temperature, flow rate 2.1 m3/h 

 

 

Figure 125: Depth versus temperature, flow rate 1.8 m3/h 
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Figure 126: Depth versus temperature, flow rate 1.5 m3/h 

7 . 1 . 6 . 2  To t a l  t h e r m a l  p o w e r  

Figure 127 represents the total thermal power of the CBHE for a normal cycle, a peak cycle, and 
for different flow rates. This thermal power has been calculated with Equation 2, using the fluid 
temperature difference between the inlet and the outlet. 

 

Figure 127: Total thermal power versus flow 

The amount of thermal power is also decreasing with the flow rate. Like it was written for the anal-
ysis of the evolution of the temperature in function of the depth, as the fluid is going into the 
CBHE at a constant temperature and as the temperature of the ground is assumed to be constant, if 
the flow rate decreases, the quantity of extracted heat will also decrease. 
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The effect of the insulation is clearly identifiable again, and it represents a gain of thermal power for 
the same flow rate. For a normal cycle, the gain is about 1 kW, whatever the flow rate, compared to 
a solution with the central pipe half insulated, and 2kW compare to the central pipe without insula-
tion. The general evolution of the thermal power for a peak cycle is more or less the same than for 
a normal cycle, but more contrasted. 

7 . 1 . 6 . 3  S p e c i f i c  h e a t  e x t r a c t i o n  p e r  s e c t i o n  o f  t h e  C B H E  

The analyses of the specific heat extraction per section of the CBHE confirm the results assumed 
previously (Figure 128, Figure 129, and Figure 130). 

 

Figure 128: Specific heat extraction per section, flow 2.1 m3/h, normal cycles 

In section 1, the sections insulated collect much less heat than the section non-insulated. Then in 
section 2, the section insulated collects still less heat because of the insulation. The two other sec-
tions non insulated takes a lot of heat. In section 3, all the sections are non-insulated. 

For the all-insulated study, the fluid starts to exchange a lot of heat with the ground in the section 
3. Indeed, in the sections 1 and 2 of the CBHE, the fluid can hardly get heat from the ground be-
cause of the insulation. So when it starts to be in contact with the warm ground, there is a big heat 
exchange. It continues to exchange heat with the ground in section 4. 

Concerning the half insulated study, the fluid is already a little bit warm because of its way in the 
non-insulated section. So the temperature difference between the fluid and the ground is less big 
than in the previous study, and so the heat exchange is less important. Moreover, there is a thermal 
shunt between sections 2 and 3, reducing by the way the heat exchange in the section 3. The fluid 
continues to collect heat in the section 4, where thermal shunt is strongly reduced by the presence 
of the insulation around the central pipe. 

In the last study, the fluid is warmer when it goes in the section 3 of the CBHE (6.5°C) compared 
to the two other COMSOL studies. The heat exchange is consequently reduced. The thermal shunt 
between the two pipes participates also to reduce this heat exchange between the section 3 and the 
ground. In the section 4, there is such a big temperature difference between the inlet and the outlet 
of the fluid that the outgoing fluid is giving a lot of heat to the ingoing fluid. So much is given from 
the outgoing fluid to the ingoing fluid that the outgoing gives more heat than it collects. That is 
why the quantity is negative. 
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The study with the all insulated central pipe shows the better results: the outlet temperature of the 
fluid is higher compare to the other studies. 

This pattern just described is repeated for all the flow rates (Figure 129, Figure 130). 

 

Figure 129: Specific heat extraction per section of CBHE, flow rate 1.8 m3/h, normal cycles 

 

Figure 130: Specific heat extraction per section of the CBHE, flow rate 1.5 m3/h, normal cycles 

Another way to analyze these results is to present the data in columns (Figure 131, Figure 132, and 
Figure 133). 

The loss of efficiency resulting by the utilization of a non-insulated central pipe is clearly visible 
here, when for example in the section 4, heat is given to the ground! 
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Figure 131: Specific heat extraction per section, 2.1 m3/h 

 

Figure 132: Specific heat extraction per section of CBHE, flow rate 1.8 m3/h 
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Figure 133: Specific heat extraction per section of the CBHE, flow rate 1.5 m3/h 

7 . 1 . 6 . 4  G a i n  o f  p e r f o r m a n c e  

Thanks to the outlet temperature of the fluid calculated by COMSOL, we can compare the theoret-
ical gain of thermal power for each case (Table 21). In this table, the difference of the total thermal 
power obtained for each case (non-insulated central pipe, half insulated central pipe, and all-
insulated central pipe) is made. 

Table 21: Theoretical gain of thermal power depending on the insulation and the flow rate, normal cy-
cles 

Flow rate [m3/h] 
Half insulated vs. 

Non-insulated [W] 
All insulated vs. 

Half insulated [W] 
All insulated vs. 

Non-insulated [W] 

2.1 892 1294 2186 
1.8 987 1076 2063 
1.5 808 825 1633 

 

The advantage to have an insulated part is clearly visible, with a theoretical gain between 0.8-2 kW. 

In Table 22, the theoretical gain of thermal power between the different studies (non-insulated cen-
tral pipe, half insulated central pipe, and all-insulated central pipe) is represented in percentage. Be-
tween an installation with an insulated central pipe and an installation without a central pipe insulat-
ed, the thermal power gained can raise up to 43%. Of course, these data are obtained theoretically. 
They only draw a tendency, but they clearly point out the benefits that can bring an insulated cen-
tral pipe. 
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Table 22: Theoretical percentage of thermal power gained from the initial value depending on the insu-
lation and the flow rate, normal cycle 

Flow rate [m3/h] 
Half insulated vs. 
Non-insulated [-] 

All insulated vs. 
Half insulated [-] 

All insulated vs. 
Non-insulated [-] 

2.1 17% 22% 43% 
1.8 20% 18% 42% 
1.5 19% 16% 38% 

7 . 1 . 7  C o m p a r i s o n  e x p e r i m e n t  d a t a  ( f r o m  t h e  f i r s t  d a t a  a n a l y s i s )  /  
C O M S O L  

The purpose of this chapter is to establish a comparison between the data collected in Lidingö dur-
ing the experiment and the data obtained from the 2D axisymmetric study made with COMSOL.  

7 . 1 . 7 . 1  D e p t h  v e r s u s  t e m p e r a t u r e  

Six different charts are plotted: one for each cycle and for each flow rate (Figure 134, Figure 135, 
Figure 136, Figure 137, Figure 138, and Figure 139). In all these figures, the inlet temperature of the 
fluid is the same for the studies made on COMSOL and for the data collected in Lidingö, because 
inlet fluid temperature of the latter has been used as input data in COMSOL. 

 

Figure 134: Depth versus temperature, flow rate 2.1 m3/h, normal cycles 

In the sections 1 and 2 (Figure 134), the fluid temperature is between the insulation studies and the 
non-insulated study. The fluid temperature measured from the experiment is even closer to the 
curve of the insulated studies than the non-insulated study. As it was said in the analysis of the ex-
perimental data, it is hard to point out the effect of the insulation by a variation of the shape of the 
temperature curve, contrary to the studies made on COMSOL where these variations are clearly 
visible. But thanks to this comparison, it can be seen that the insulation plays still an important role 
in the installation in Lidingö. Indeed the shape of the curve in these sections 1 and 2 is not as 
straight as it would have been without any insulation as the non-insulated study shows. 

At the bottom, the fluid temperature is nearly the same in the half insulated study and in the real 
case. Even if the shape of the curve is not the exactly the same, finally almost the same amount of 
heat is collected by the fluid in the sections 1 and 2 in the half insulated study and in the real case. 
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The analysis of the sections 3 and 4 is quite different. Because the external pipe is not modelled in 
the COMSOL studies for avoiding meshing problem, the fluid is directly in contact with the rock. 
So the heat exchange is favoured, and the fluid gets more heat in the COMSOL studies than in the 
real case. It can be imagined that some physical phenomena happening in the CBHE are not mod-
elled in the same way in COMSOL. Moreover, the undisturbed ground temperature used as a 
boundary condition for the ground can change in the reality over the time. When a BHE works 
during a long period, the temperature around the BHE in the ground decreases and so the efficien-
cy of the BHE decreases too. The experiments in Lidingö have been made at the end of the winter, 
after a long work period of the GSHP. It can be imagined that the ground didn’t have time to re-
cover its initial undisturbed temperature during the experiment period. And last, the undisturbed 
ground temperature profile used as a boundary condition in COMSOL is applied at two meters 
from the borehole. In the reality, in Lidingö, this temperature profile is maybe observed closer or 
further from the CBHE, and that impacts the heat exchange. 

This analysis is also valid for Figure 135, Figure 136, Figure 137, Figure 138, and Figure 139. 

 

Figure 135: Depth versus temperature, flow rate 2.1 m3/h, peak cycles 

 

Figure 136: Depth versus temperature, flow rate 1.8 m3/h, normal cycles 
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Figure 137: Depth versus temperature, flow rate 1.8 m3/h, peak cycles 

 

Figure 138: Depth versus temperature, flow rate 1.5 m3/h, normal cycles 
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Figure 139: Depth versus temperature, flow rate 1.5 m3/h, peak cycles 

7 . 1 . 7 . 2  To t a l  t h e r m a l  p o w e r  

A quick comparison of the total thermal power between the COMSOL studies and the real case is 
then made (Figure 140 and Figure 141). The thermal power is calculated with Equation 2 using the 
inlet and outlet temperatures of the model. The purpose is not really to compare the evolution of 
these thermal powers but more the order of magnitude of the thermal power. One of the explana-
tions of the difference of thermal power between the half-insulated study and the experiment could 
come from the boundaries conditions. The fluid velocity and inlet fluid temperature used in COM-
SOL are taken from the experiment. But the undisturbed ground temperature profile used as 
boundary condition is applied at 2 meters from the CBHE. In reality in the ground, this tempera-
ture profile is maybe found closer or further from the CBHE. And the heat exchanged is strongly 
based on the temperature profile of the ground. So maybe there is more heat extracted from the 
ground because the undisturbed temperature profile is applied closer to the CBHE than in reality. 
And of course, as it was said previously, the insulation is perfect in COMSOL, there is no external 
pipe  and corrugated plastic… 

The order of magnitude is approximately the same; the total thermal power obtained from the 
COMSOL studies has the same order of magnitude compared to the experiment data. 
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Figure 140: Total thermal power, all flow rates, normal cycles 

 

Figure 141: Total thermal power, all flow rates, peak cycles 

7 . 1 . 7 . 3  S p e c i f i c  h e a t  e x t r a c t i o n  p e r  s e c t i o n  o f  t h e  C B H E  

The evolution of the temperature in function of the depth is then plotted (Figure 142, Figure 143, 
Figure 144), with the specific heat extracted per meter specified for each sections of the CBHE. 
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Figure 142: Specific heat extraction per section, flow rate 2.1 m3/h, normal cycles 

It can be found the same thermal power distribution for the insulated COMSOL studies and the re-
al case. The heat exchange is still higher in the section 3 of the CBHE for the insulated studies, the 
simulations confirm the measurement. 

 

 

Figure 143: Specific heat extraction per section, flow rate 1.8 m3/h, normal cycles 
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Figure 144: Specific heat extraction per meter, flow rate 1.5 m3/h, normal cycles 

For more visibility, the heat extracted per meter is then presented in columns, as shown in Figure 
145, Figure 146, Figure 147, Figure 148, Figure 149 and Figure 150. 

 

Figure 145: Specific heat extraction per section, flow rate 2.1 m3/h, normal cycles 

In the section 1, the quantity of heat extracted per meter is higher in the real case than in the insu-
lated simulations in COMSOL. This might be due to the fact that the insulation is less efficient in 
the practice than in theory. 

The result of the non-insulated study is strange in the section 2 because the fluid is taking less heat 
than in the first section. This is maybe due to the fact that the temperature difference between the 
fluid and the ground is higher in section 1 than in section 2. Normally, as the central pipe is not in-
sulated in this section and as the fluid is deeper in the ground, the heat extracted from the ground 
should be higher than in the previous section. This expected result is found for the half insulated 
study on COMSOL. 
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In section 3, the amount of heat extracted per meter is almost the same between the half insulated 
study and the real case. Even more heat is taken from this section when the central pipe is all insu-
lated. 

Then in section 4, the specific heat extraction decreases strongly for the real case, while it decreases 
slightly for the insulated studies on COMSOL. The same reasons that for the curve shape of the 
evolution of the temperature in function of the depth can be advanced for explained this difference 
between the reality and the simulations. 

The analysis for a normal cycle is valid for a peak cycle (Figure 146), except the fact that more heat 
is extracted from the ground. 

 

Figure 146: Specific heat extraction per section, flow rate 2.1 m3/h, peak cycles 

The same analysis is also valid for the other flow rates (Figure 147, Figure 148, Figure 149, and Fig-
ure 150). 

 

Figure 147: Specific heat extraction per section, flow rate 1.8 m3/h, normal cycle 
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Figure 148: Specific heat extraction per section, flow rate 1.8 m3/h, peak cycle 

 

Figure 149: Specific heat extraction per meter, flow rate 1.5 m3/h, normal cycles 
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Figure 150: Specific heat extraction per meter, flow rate 1.5 m3/h, peak cycles 

In the three following tables (Table 23, Table 24, and Table 25), the quantity of heat exchanged in 
each section of the CBHE is represented in percentage. The heat extracted in each section of the 
CBHE can be compared for each COMSOL studies and for experimental data. 

Table 23: Heat exchanged in percentage, flow rate 2.1 m3/h 

Experiment No insulation Half insulated All insulated 

Normal Peak Normal Peak Normal Peak Normal Peak 
CBHE 
section 

20.3 15.4 39.7 38.2 4.8 4.6 4.9 4.7 1 
13.1 13.8 33.1 29.1 22.6 20.4 9.5 6.9 2 
47.7 45.7 29.0 31.6 34.5 37.7 42.8 44.2 3 
19 25 -2.6 0.4 37.5 36.8 39.5 40.6 4 

 

Table 24: Heat exchanged in percentage, flow rate 1.8 m3/h 

Experiment No insulation Half insulated All insulated 

Normal Peak Normal Peak Normal Peak Normal Peak 
CBHE 
section 

22.3 22.2 40.9 40.2 5.3 5.3 5.5 5.3 1 
15.1 14.9 30.7 29.1 23.4 23.8 9.6 7.2 2 
46.9 44.3 30.5 31.5 35.5 35.3 47.5 48.9 3 
15.6 18.6 -2.9 -1.6 35.1 34.9 36.7 37.9 4 

 

Table 25: Heat exchanged in percentage, flow rate 1.5 m3/h 

Experiment No insulation Half insulated All insulated 

Normal Peak Normal Peak Normal Peak Normal Peak 
CBHE 
section 

25.2 18.6 43.4 41.8 6.2 5.9 6.4 6.1 1 
20.6 16.3 32.0 27.6 25.0 22.2 10.1 7.2 2 
44.9 44.5 29.4 32.3 35.8 38.2 49.3 51.2 3 
9.3 20.5 -5.6 -2.5 32.3 32.9 33.4 34.9 4 
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It can be clearly observed what it was mentioned before. For a central pipe non insulated, most of 
the heat is taken by the fluid in the first section of the CBHE. Then the percentage is quite the 
same in the two next sections. And in the last section, as the fluid temperature is decreasing, there is 
a “negative” percentage of heat exchanged. 

For the half insulated study, only a low amount of heat is exchanged in the first part of the CBHE 
because of the insulation. Then the heat begins to be collected in the second section. And the in the 
two last CBHE section, there is the same high percentage of heat exchanged. 

Concerning the all insulated study, only little heat is taken from the ground by the fluid in the two 
first sections. Then a peak is reach in the third section, and the percentage decreases a bit in the 
section 4. 

Now, if comparing the experimental data with the results of COMSOL studies, it can be noticed 
that the effect of the insulation is barely perceptible in the real case. Indeed, around 15-25% of the 
heat is extracted in the first section of the CBHE. This result is between the studies with insulation 
and the study without. Also, the percentage of heat extracted reaches a peak in the section 3, as in 
the insulated studies. 

7 . 1 . 7 . 4  O u t l e t  t e m p e r a t u r e s  

The inlet fluid temperatures are the same for a given flow rate for each study (real case, no insula-
tion, half insulated, all insulated) (Table 26). It can be noticed the difference of outlet temperature 
between the insulated models and the real case. The reason explained before on the accuracy of the 
model can explain this gap. 

Table 26: Comparison of the outlet temperatures obtained from all different studies, normal cycle 

 Inlet fluid tem-
perature [C] 

Outlet fluid temperature[C] 

Flow rate [m3/h] All studies Real case No insulation Half insulated All insulated

2.1 4.77 6.3 6.9 7.2 7.7 

1.8 4.27 6 6.6 7 7.6 

1.5 4.16 6.3 6.6 7 7.6 

7 . 1 . 8  C o m p a r i s o n  e x p e r i m e n t  d a t a  ( f r o m  t h e  s e c o n d  d a t a  a n a l y s i s )  /  
C O M S O L  

This second comparison study is made between the second data analysed from the experiment (sta-
ble temperature profile) and the data obtained in COMSOL based on these experiment data. Only 
the case with the half insulated central pipe has been treated in COMSOL, because the time was 
missing to do more analyses. 

7 . 1 . 8 . 1  D e p t h  v e r s u s  t e m p e r a t u r e  

Figure 151 and Figure 152 show the evolution of the fluid temperature in function of the depth for 
respectively normal and peak cycles. 



119

 

Figure 151: Comparison experiment and COMSOL half insulated study made with inlet data from the 
second data analysis, normal cycles 

As previously, the inlet temperatures are the same because they have been used as inlet data for 
COMSOL. 

The same analysis can be done concerning the first two sections of the CBHE, namely that the ef-
fect of the insulation is hardly visible with the experimental data, and that the temperature at the 
bottom of the CBHE are similar. The temperatures in the sections 3 and 4 of the CBHE are much 
higher in the COMSOL studies than for the experiment, because of the assumptions explained pre-
viously. The same outlet temperatures are found for the COMSOL studies. 

Here again, almost the same outlet temperatures are found for the COMSOL studies. But it can be 
observed that the results of the COMSOL studies are here quite far from the experiment data. 

 

Figure 152: Comparison experiment and COMSOL half insulated study made with inlet data from the 
second data analysis, peak cycle 
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7 . 1 . 8 . 2  S p e c i f i c  h e a t  e x t r a c t i o n  p e r  s e c t i o n  o f  t h e  C B H E  

 

The specific heat extraction per section of the CBHE is then plotted for normal and peak cycles 
(Figure 153, Figure 154). 

 

Figure 153: Specific heat extraction per section, normal cycles 

If comparing the heat extracted per meter per section of the CBHE, it can be seen most of the heat 
is extracted in the section 3 of the CBHE. 

The heat extracted per meter increases in the first three sections and then stagnates in the fourth 
section for the COMSOL studies. 

The same order of magnitude is found concerning the values of thermal power per meter. 
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Figure 154: Specific heat extraction per section, peak cycles 

The difference of slope between the experiment and the simulations for the curves in the two first 
sections of the CBHE can be observed in Figure 154. 

7 . 2  C r o s s  s e c t i o n  S t u d y  

The position of the coaxial pipe inside the borehole can affect the borehole thermal resistance, and 
by the same the thermal performance of a CBHE. The purpose of this second study made on 
COMSOL is to apprehend the evolution of the borehole thermal resistance in function of the posi-
tion of the coaxial pipe inside the borehole. 

In order to realize this study, a cross section model of the CBHE was built. This model is based on 
the CBHE used during the test in Lidingö. From Figure 155, it can be deduced that two different 
cross sections studies have to be made. The first study has insulation around the central pipe, while 
the second study does not have insulation. These studies are realized for a steady state. 

 

Figure 155: Analysis of the CBHE geometry 



122

7 . 2 . 1  A s s u m p t i o n s  

 Scale1 
These models are in scale 1. 

 Corrugated Plastic around the insulation is neglected 
This material is not modelled in the following studies. 

 Two meters of ground around the CBHE 
It has been chosen to create a ground of 2 meters of radius around the CBHE. 

 Temperatures 
In order to compare the borehole thermal resistance of these two cross sections, the same tempera-
tures in both COMSOL models have been used. The temperature of the ground is an average based 
on the undisturbed ground temperature Figure 117. The fluid temperature in the central pipe is an 
average of the fluid temperature measured in sections 1 and 2 of the CBHE for a normal cycle at 
2.1 m3/h (point chosen for the data analysis). Concerning the fluid temperature in the external pipe, 
the same reasoning is applied but with the temperature measured in the sections 3 and 4 of the 
CBHE. 

 Convection coefficient 
The heat flux coefficients present in Table 12 has been used in this study. 

7 . 2 . 2  G e o m e t r y  o f  t h e  m o d e l  

The model is in two dimensions. Its characteristics are listed in Table 27. 
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Table 27: Dimensions of the two cross sections of the CBHE 

D1[mm]= 35.2 Internal diameter of the central pipe 

D2=[mm]= 40 External diameter of the central pipe 

D3[mm]= 56 External diameter of the insulation 

D4[mm]= 115 Diameter of the borehole 

D5[m]= 4 
Diameter of the ground around the 

borehole 

Cross section study 1 (with insulation) 

D1[mm]= 35.2 Internal diameter of the central pipe 

D2[mm]= 40 External diameter of the central pipe

D3[mm]= 115 Diameter of the borehole 

D4[mm]= 4 
Diameter of the ground around the 

borehole 

Cross section study 2 (without insulation) 

 

Figure 156 shows an overview of the cross section model with insulation. In the middle, there is the 
CBHE, surrounded by the ground. 
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Figure 156: Overview of the ground with the CBHE with insulation in the middle 

Figure 157 presents a zoom of the COMSOL model of a CBHE cross section with insulation. It 
can be observed by the same time how the external pipe is thick. 

 

Figure 157: Zoom on the cross section of the CBHE with insulation 

The CBHE cross section without insulation is represented in Figure 158. 

 

Figure 158: Zoom on the cross section of the CBHE without insulation 
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7 . 2 . 3  M a t e r i a l s  p r o p e r t i e s  o f  t h e  b o r e h o l e  

The materials used in this study are the same that those used in the previous modelling study on 
COMSOL. Water is still used as the secondary working fluid. The central pipe is made in PE. Insu-
lation is there to avoid thermal shunt between the two pipes. The ground is the heat source. These 
material properties can be found in Table 18. 

7 . 2 . 4  P h y s i c s  a n d  b o u n d a r i e s  c o n d i t i o n s  

The physic “Heat transfer in solid” has been used in COMSOL. 

Three boundaries conditions are applied. On the internal boundary of the internal pipe, a convec-
tion coefficient and a temperature are indicated to COMSOL. A similar condition is applied on the 
internal boundary of the external pipe, also with a convection coefficient and a temperature. A 
temperature is applied to the ground. The temperatures used as boundaries conditions are listed in 
Table 28. 

Table 28: Temperatures used as boundary conditions 

Temperature [°C] 

Average temperature of the ground 7.85 

Average temperature of the fluid in the internal pipe 5.03 

Average temperature of the fluid in the external pipe 5.96 

7 . 2 . 5  C a l c u l a t i o n s  

The borehole thermal resistance is calculated in different steps. 

The thermal resistance of the ground is first calculated with Equation 17. This value is the same for 
the two sections because it depends only on the borehole dimensions, which are the same for the 
two sections. 

The fluid temperatures in the central pipe and in the external pipe are known. Thanks to these data, 
an average fluid temperature is calculated with Equation 21. 

COMSOL gives us the total heat flux q’ going through the boundaries selected (Figure 159). 

So the total thermal resistance of the ground can be calculated Equation 19 with q’ calculated by 
COMSOL. 

Then a single subtraction gives the borehole thermal resistance Equation 18, the total thermal re-
sistance and the ground thermal resistance are known). 
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Figure 159: Boundaries used to calculate the total heat flux [W/m] in COMSOL (left: study 1 with insula-
tion and right: study 2 without insulation) 

Three heat fluxes are measured by COMSOL. The total heat flux is measured through the inner 
boundaries of the central pipe and the inner boundaries of the external pipe. The external heat flux 
corresponds to the flux which is going through the inner boundaries of the external pipe. The in-
ternal heat flux represents the heat flux which is going through the inner boundaries of the internal 
pipe. The total heat flux is the sum of the external and internal heat flux. 

7 . 2 . 6  R e s u l t s  

Figure 160 is an example of what the results look like for a central pipe insulated for a steady state. 
The overview is similar concerning the cross section with the central pipe non-insulated. The 
ground is very big compared to the size of the CBHE: The temperature of the ground remains con-
stant close to the boundary of the ground. The CBHE seems to have an influence on the ground 
about 1.5 meters around itself. 
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Figure 160: Overview of the steady state for a cross section with a central pipe insulated 

7 . 2 . 6 . 1  F i x e d  p o s i t i o n  o f  t h e  c e n t r a l  p i p e  

A first steady state study has been conducted with a fixed position of the central pipe in the bore-
hole for the both studies. 

By having a look to Figure 161, it can be observed that the borehole thermal resistance is higher for 
the study with the central pipe non-insulated than when the central pipe is insulated. But the differ-
ence is not so large between these two configurations: about 0.0024 K*m/W. 

 

Figure 161: Fixed position of the central pipe 
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7 . 2 . 6 . 2  Va r i a b l e  p o s i t i o n  o f  t h e  c e n t r a l  p i p e  

For each study, the position of the central pipe in the borehole was changed. The parameter which 
changes is the x position of the central pipe. A step of 1 cm was configured. An overview of the re-
sult obtained in COMSOL is show in Figure 162 and Figure 163. 

 

xPipe=0 cm 

xPipe=1 cm xPipe=2 cm 

Figure 162: Variable position of the central pipe (central pipe insulated) 
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xPipe=0 cm xPipe=1 cm 

xPipe=2 cm xPipe=3 cm 

Figure 163: Variable position of the central pipe (central pipe non-insulated) 

It is easy to see the effect of the insulation on the heat transfer between the fluids in the two pipes. 
In the cross section with insulation, the cold temperature is contained in the central pipe. In the 
cross section without insulation, the cold temperature is spread in the external pipe. 

The borehole thermal resistance is plotted in function of the position of the central pipe inside the 
external pipe (Figure 164). There is one less value in the study with the insulation because the diam-
eter of the central pipe with the insulation is bigger than without insulation. So the central pipe 
cannot get as close to the borehole wall as in the study without insulation. 
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Figure 164: Thermal resistance of the borehole for different geometries 

For the study with insulation, the borehole thermal resistance remains constant whatever the posi-
tion of the central pipe. So there is no benefit to put the central pipe closer to borehole wall. 

Concerning the study without insulation, the borehole thermal resistance decreases a bit when the 
central pipe gets closer to the borehole wall. The heat transfer is then enhanced. 

(Acuña, 2010) carried out a comparison of borehole thermal resistance of different geometries of 
U-pipe, the most common BHE used (Figure 15). The better result of borehole thermal resistance 
(0,118 K*m/W) was obtained for a U-pipe with the pipes apart, and touching the borehole wall. In 
the present study, the worst borehole thermal resistance value is 0.048 K*m/W. Even the better re-
sult of the U-pipe is poorer than the worst result obtained with the coaxial pipe. The latter presents 
really interesting characteristics regarding the borehole thermal resistance compare to U-pipe. 

The evolution of the three heat fluxes (total, external, internal) is then plotted in function of the po-
sition of the central pipe in the external pipe (Figure 165, Figure 166). 

In the first study, the total heat flux is almost constant whatever the central pipe position. That ex-
plains why the borehole thermal resistance remains constant. Indeed, if observing the method used 
for calculated the borehole thermal resistance, the temperatures used here (fluid temperatures, 
ground temperature) are constant. So the borehole thermal resistance depends only on the value of 
the total heat flux. The external heat flux decreases slightly while the internal heat flux increases of 
nearly the same amount. 
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Figure 165: Section insulated: evolution of the heat flux in function of the position of the central pipe 

The same chart is then plotted for the section with no insulation around the central pipe (Figure 
166). Of course because there is no insulation around the central pipe, the internal heat flux is 
much bigger here compared to the previous study. On the other side, the external heat flux is 
smaller here than in the study with the central pipe insulated. At the end, the total heat fluxes of 
these two studies have the same order of magnitude and are quite close to each other. 

The total heat flux here increases when the central pipe gets closer to the borehole wall. The exter-
nal heat flux decreases but the internal heat flux increases faster, so the total heat flux which is the 
sum of these two fluxes increases. 

For the same reason explained before, due to the calculation made, the borehole thermal resistance 
will decrease as the total heat flux increases. 

 

Figure 166: Section non-insulated: evolution of the heat flux in function of the position of the central pipe 

 



132

8  Ideas for future studies 

Future studies can be based on this work. 

The studies made on COMSOL are only made for a steady state. It could be interesting to analyze 
the behavior of a CBHE during a time dependent study. 

COMSOL Multi-physics is a finite element software. It can be coupled with MATLAB an analytical 
study could be then performed. One more precise model could be then built in order to improve 
the quality of the model. 

Otherwise, with the model created during this project, several other studies can be treated. 

 Influence of the secondary working flow direction on thermal transfer in CBHE. 
Two configurations could be tested. In the first configuration, the inlet water comes 
through the inner pipe and the outlet water runs in the external pipe. In the second config-
uration, the flows directions are inversed. 

 Influence of the central pipe thickness. The central pipe thickness can be increased, in 
order to see its influence on the thermal shunt between the two pipes. 

 Influence of the material of the central pipe. Different materials for the central pipe can 
be modeled for observing their influence on the thermal shunt. 

 Influence of the material of the external pipe. Different materials for the external pipe 
can be tested in order to improve the heat exchange with the ground. 

 Influence of the design of the CBHE. The diameter of the central pipe can enlarged in 
order to confirm the result of (Zanchini, , 2009) study without changing the external pipe’s 
dimension. 

 



133

9  Conclusions 

This project was based on the study of an annular CBHE. 

A bibliography study has been written in order to list the different researches and results made on 
CBHE in general, and to describe them. 

Then, an annular CBHE has been tested for the first time in situ, providing by the way a large 
amount of information to analyze. 

 Conclusion 1: It is difficult to clearly point out the effect of the insulation from the exper-
imental results. 
 

 Conclusion 2: During the experiments, water has been used as a secondary working fluid. 
It worked properly, even if you have to take care about its temperature. Sometimes, the wa-
ter was close to freeze (especially for the 1.5 m3/h flow rate). 
 

 Conclusion 3: It has to be found the right balance between having a low flow rate for the 
secondary working fluid and good thermal performances. A lower flow rate reduces the 
pressure drop and so the electric consumption. The drawbacks are concerning the second-
ary working fluid and the thermal shunt between the two pipes. If the flow rate decreases, 
the difference of fluid temperature between the inlet and the outlet increases in order to 
provide the same amount of heat. The water can then get close to freeze. Moreover, the 
thermal shunt seems to increase when the flow rate decreases. 
 

 Conclusion 4: When the flow rate in the installation increases, the amount of heat extracted 
in the sections 1 and 2 is decreasing, and is increasing in the sections 3 and 4 of the CBHE. 

 

Two studies have been led with COMSOL. The first one was based on 2D axisymmetric models 
created with the data collected in Lidingö. The three models had a different insulation length 
around the central pipe. The effect and the possible benefits of the insulation around the central 
pipe have been done. 

 Conclusion 5: The three studies with a different length of insulation around the central 
pipe show the undesirable effect of thermal shunt than can occur for a non-completely in-
sulated pipe, and the loss in performance resulting. 

 

 Conclusion 6: The studies show also that up to 40% more heat from the ground can be ex-
tracted by using an insulated pipe in a CBHE instead of a non-insulated pipe. 

 

The results obtained with these models have been compared to the real data collected in Lidingö, in 
order to quantify the accuracy of the model. 

 Conclusion 7: By comparing the shapes of the experiment curves and the curves obtained 
with COMSOL, it was observed that the insulation is still playing a role in the CBHE in 
Lidingö, even if it was not clearly pointed out at the first analysis of the experiment data. 



134

 
 Conclusion 8: In the experiment data, a lot of heat is exchanged in the section 3 of the 

CBHE. A theoretical calculation confirms this, as the studies with insulation around the 
central pipe made on COMSOL. 
 

 Conclusion 9: The accuracy of the COMSOL model is acceptable, especially in the sections 
1 and 2 of the CBHE. 

 

The second COMSOL study was about the effect of the insulation of the central pipe and of the 
position of the central pipe on the borehole thermal resistance. A 2D cross section model was built 
based on the CBHE characteristics in Lidingö to answer to these interrogations. 

 Conclusion 10: The borehole thermal resistances for a central pipe located in the middle of 
a CBHE are quite close for a non-insulated and for an insulated central pipe. 
 

 Conclusion 11: The borehole thermal resistance of an annular CBHE is very small com-
pared to the borehole thermal resistance of a U-pipe. 
 

 Conclusion 12: The borehole thermal resistance remains constant whatever the position of 
the central insulated pipe is. This is not the case for a non-insulated central pipe. The bore-
hole thermal resistance decreases then when the central pipe gets close to the borehole 
wall. 

 



135

References 

Acuña, J. (2010). Improvements of a U-pipe Borehole Heat Exchangers. Stockholm: KTH. 
ASHRAE, H. (2007). HVAC applications, Chapter 32. 
COMSOL, A. (2011). Advanced Training Course. COMSOL. 
CRES. (2008). The GROUNDHIT Project.  
EWS. (2006). GROUNDHIT project - brief report on deliverable No. 8 . Lichtenau. 
Florides, G. (2006). Ground heat exchangers: a review of systems, models and applications. 

Nicosia. 
Forsen, M. (2010). European Heat Pump Statistics. Brussel. 
Gnielinski, V. (1976). New equations for heat and mass transfer in turbulent pipe and channels 

flows. Int. Chem. Eng. 16. 
Hellström, G. (1991). Ground heat storage - Thermal amalysis of duct storage systems 

[Doctoral Thesis]. Lund. 
Hellström, G. (2002). Borehole Heat Exchangers - State of Art. Lund. 
Incropera, D. W. (2005). Fundamentals of heat and mass transfer. Wiley. 
P.Platell. (2006). Devloping work on ground heat exchangers. Sigtuna. 
Raymond. (2011). Numerical modelling of thermally enhanced pipe performances in vertical 

ground heat exchangers.  
Zanchini. (2009). Effects of flow direction and thermal short-circuiting on the performance of 

small coaxial ground heat exchangers. Bologna. 
Zanchini. (2009). Improving the thermal performance of coaxial borehole heat exchangers. 

Bologna. 
Zanchini, E. (2009). Effects of flow direction and thermal short-circuiting on the performance of 

small coaxial ground heat exchangers. Bologna. 
Zanchini, E. (2009). Improving the thermal performance of coaxial borehole heat exchangers. 

Bologna. 
 
 
 
 
 



136

Annex 

S i m i l i t u d e  

 

The CBHE pipe is modeled with the software COMSOL Multi-physics. In order to reduce the cal-
culation time, it is interesting to realize a similitude study. By finding non-dimensional equations de-
scribing our system thanks to the π theorem of Buckingham, it will be possible to work on a smaller 
model without losing the physics properties of our system. The calculation time will be optimized. 

The π theorem of Buckingham follows always the same steps. 

It can be considered that our system is composed of two pipes: one central pipe inside an external 
pipe. A fluid, water in our case, is circulating in these pipes. So there are 2 pipes with an internal 
flow. 

The easiest approach of this problem is to consider a pipe with an internal flow, and to apply the 
theorem π. Then the results of the theorem can be used two times, one for each pipe (inner pipe 
and external pipe). 

 

 

Variables used to characterize our system: 

Density of the fluid used:  

Viscosity of the fluid used:  

Velocity of the fluid used:  

Length of the pipe:  

Diameter of the pipe:  

D ρ µ V 

L
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Choice of 3 independents variables 

D, , V 

 

 

 

Calculation of the coefficients α, β, 	  

Determination of the first non-dimensional number π1 

 

 

0 	 1 

0 1 1 3 1 1 

0 1 

 

Determination of the second non-dimensional number π2 

 

 

0 1 	 2 

0 	 1 3 2 2 2 

0 	 1 2 

	  

If it is considered that indices 1 and 2 represents respectively one pipe of the real CBHE and one 
pipe of the model, these following equations have to be respected: 

 (1) 

 (2) 

(Because the same fluid in the simulation as in the reality is used) 

By respecting equations (1) and (2), a model smaller can be built which allows making faster simula-
tion while keeping the same physics properties. 

 


