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Abstract: The article presents the influence of the trajectory of a borehole heat exchanger on the 
power exchanged with the rock mass. The focus is on the thermal parameters of rocks, which include 
thermal conductivity. This parameter can be determined using literature, laboratory tests or in-situ 
using a thermal response test. The design of the borehole heat exchanger as an inclined borehole ma-
ximizes the power exchanged with the rock mass by increasing the length of the borehole exchanger 
in the layer with the best thermal parameters. Mathematical calculations and thermal response tests 
show the advantage of inclined wells over vertical borehole heat exchangers in terms of the amount 
of power obtained from the rock mass.
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1. Introduction

The term “borehole heat exchanger (BHE)” refers to 
a borehole equipped with heat exchanger pipes (usually 
U-shaped). A heat transfer medium flows through these 
pipes. The space between the pipes and the well’s wall 
should be sealed with cement grout. The basic designs 
of BHE include: single U-tube, double U-tube, multi-U-
tube, and centric systems [1–3]. To 200 m in depth, sin-
gle U-tube systems are most frequently applied, while 
deeper installations are coaxial. The coaxial system is 
most profitable in the view of exploitation costs and the 
highest heating power. Any kind of construction can be 
applied in boreholes purposed for producing heat [4]. 
Many factors influence the correct design of ground 
heat pump systems (with BHEs). Important factors 
affecting the effectiveness of this system are presented 
in Table 1. Economic and energy factors are presented.

Table 1. Factors affecting the efficiency of BHEs  
heating or cooling installations [1]

Construction 
parameters

Natural 
parameters

Production 
parameters

– depth of the 
installation

– geothermal 
gradient

– basic heating 
loads

– diameter of the 
borehole

– thermal con-
ductivity of rocks

– basic cooling 
loads

– diameter of 
pipes

– specific heat of 
rocks

– peak load value

– thermal resi-
stivity of pipe 

materials

– porosity and 
saturation of 

rocks

– peak load time

– distance be-
tween pipes in 
the exchanger

–  hydrogeody-
namic conditions

– time in which 
heat sources 

regenerate in the 
rock mass

– thermal con-
ductivity of ce-

ment slurry

– local climatic 
conditions

– temperature of 
the heat carrier

Most often, borehole heat exchangers are made 
as vertical wells. However, there is a  technique that 
allows borehole heat exchangers to be made at an 
angle known as Geothermal Radial Drilling (GRD). 
It is characterized by drilling multiple diagonal bore-
holes from a single location. A specialized drilling rig 
is used to drill this type of borehole, which has its lim-
itations. The drilled boreholes are diagonal (angle of 
30 to 65 degrees), usually between 40 and 60 m long, 
whereas classic borehole heat exchangers are usually 
around 100 m or more. Another difference between 
GRD and conventional drilling (vertical heat exchang-
ers) is the need to construct a start chamber. Its depth 
is usually between 1 and 2 m. The basics of this meth-

od were developed by Tracto-Technik in the late 1970s 
[5] and in 2006 the company developed a modern tool 
with intelligent solutions for this type of installation. 
It was Tracto-Technik that named this method Geo-
thermal Radial Drilling [4, 6, 7]. Such an installation 
is located in the C research field of the Geoenergetics 
Lab (Faculty of Drilling, Oil and Gas, AGH University 
of Krakow). 

This work involves comparing the works of bore-
hole heat exchangers, both vertical and inclined bore-
holes (drilled individually, unlike GRD technology). 
BHEs made as inclined boreholes, each drilled from 
a separate station, are located in research field B of the 
Geoenergetics Lab. The Geoenergetics Laboratory has 
heat exchangers of the same design made as vertical 
exchangers in research field A.

2. Method section

The BHEs located in research fields A  and B at the 
Geoenergetics Lab (Faculty of Drilling, Oil and Gas, 
AGH University of Krakow) will be analyzed. A sam-
ple vertical BHE was selected, while the other was con-
structed as an inclined borehole. Both boreholes have 
the same lithological profile, as shown in Table 2.

The comparative analysis was performed in two 
stages. The first stage consisted of an analysis of liter-
ature data. The second stage consisted of in-situ meas-
urements performed as a thermal response test (TRT).

Based on the lithological profile, values of thermal 
conductivity λ for particular rock layers can be assumed 
based on literature. Next the average λ can be calculat-
ed. The next step is to calculate the values of the indica-
tors [9]  of unit power exchanged between the working 
medium and the rock mass based on the following for-
mulas:

	 q = 20 · λ	 (1)

	 q = 13 · λ + 10	 (2)

where:
q  –  unit energy flow rate [W·m–1],
λ – � thermal conductivity of the rock (effective)  

[W·m–1·K–1].

For the above case, the value of the unit power 
exchanged between the working medium and the rock 
mass calculated using formula 1 is 40.78 W·m–1, and 
using formula 2 is 36.51 W·m–1. Therefore, the average 
power exchanged with the rock mass, calculated on the 
basis of literature data, is 38.65 W·m–1
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Table 2. Lithological profile for fields A and B of the Geoenergetics [8]

Length of the inclined borehole depending on the drilling angle [m]

No. Top  
[m]

Bottom  
[m]

Thickness 
[m] Lithology Thermal conductivity 

[W·m–1·K–1]

1 0.0 2.2 2.2 Anthropogenic ground  
(dark grey filled with debris) 1.600 

2 2.2 2.6 0.4 Aggregate mud 1.600

3 2.6 4.0 1.4 Slightly and dusty clayey sand 1.000

4 4.0 6.0 2.0 Fine Sand 1.200

5 6.0 15.0 9.0 Sand and slag mix, slag 1.800

6 15.0 30.0 15.0 Grey clay 2.200

7 30.0 78.0 48.0 Gray clayslate 2.100

– – – – Average 2.039

In the case of borehole heat exchangers, the main 
parameter is the thermal conductivity of the layers in 
which the heat exchanger is installed. Each layer has 
a  thermal conductivity coefficient within a  defined 

range. The thermal conductivity values of rocks can 
be found in literature or specialized software. Table 3 
presents selected thermal conductivity values of rocks 
based on the Earth Energy Designer industry software.

Table 3. Thermal conductivity of various minerals and rocks based on specialized Earth Energy Designer software

Name
Minimum thermal 

 conductivity  
[W·m–1·K–1]

Maximum thermal  
conductivity  
[W·m–1·K–1]

Recommended  
thermal conductivity  

[W·m–1 · K–1]
Amphibolite 2.14 3.55 2.90
Andesite 1.73 2.22 2.20
Arkose 2.54 3.73 2.90
Basalt 1.33 2.29 1.70
Breccia 2.26 4.11 2.80
Clay - dry 0.40 0.90 0.40
Clay - wet 0.90 2.22 1.60
Claystone 1.05 3.02 2.20
Coal 0.26 0.63 0.30
Conglomerate 1.35 3.70 2.80
Diorite 1.97 2.87 2.60
Dolomite 2.83 4.34 3.20
Dunite 3.98 4.73 4.20
Eclogite 2.32 4.19 2.90
Gabbro 1.72 2.53 1.90
Gneiss 1.89 3.95 2.90
Granite 2.10 4.07 3.40
Granodiorite 2.03 3.34 3.30
Gravel - dry 0.39 0.52 0.40
Gravel - saturated 1.80 1.80 1.80
Gypsum 1.29 2.80 1.60
Lamprophyre 2.43 3.41 2.60
Limestone - massive 2.46 3.93 2.80
Marble 1.28 3.08 2.60
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Name
Minimum thermal 

 conductivity  
[W·m–1·K–1]

Maximum thermal  
conductivity  
[W·m–1·K–1]

Recommended  
thermal conductivity  

[W·m–1 · K–1]
Marl 1.75 3.46 2.10
Marl – clayey 1.46 2.52 2.00
Marl – dolomitic 1.89 3.90 1.89
Pegmatite 2.89 3.31 3.00
Peridotite 3.79 5.27 4.00
Quartzite 3.60 6.62 6.00
Rhyolite 3.06 3.37 3.30
Salt 5.28 6.38 5.40
Sand – dry 0.27 0.75 0.40
Sand – dry – compacted 1.11 1.25 1.20
Sand – moist 0.58 1.75 1.00
Sand – saturated 1.73 5.02 2.40
Sandstone 1.28 5.10 2.30
Serpentinite 2.30 4.31 3.00
Shale 1.50 2.60 2.10
Silt – dry 0.38 1.00 0.40
Silt – wet 1.00 2.30 1.80
Siltstone 1.31 3.52 2.40
Syenite 1.70 3.48 2.60

By selecting the average or recommended value 
for a given layer, one can calculate the weighted aver-
age thermal conductivity along the length of the BHE 
installed in that rock mass. By making an inclined bore-
hole, the thermal conductivity is improved by increas-
ing the apparent thickness.

The next stage of research was the TRT. This test 
should be understood as a measurement method used 
for the evaluation of factual thermal properties of 
a  rock mass in the tested area. The test is carried out 
in in-situ, on borehole heat exchangers for a test well. 
Thanks to it, it is possible to determine a proper amount 
of vertical borehole exchangers and their placement 
according to the set temperature conditions of work of 
a system. A TRT of BHEs measures changes of temper-
ature of a fluid during its circulation in a close circuit in 
the event of supplying or collecting thermal energy of 
a steady heating power [8, 10–12].

The TRT is performed on a previously drilled and 
cased borehole. The borehole is considered to be cased by 
a system of exchanger pipes located in the borehole, with 
the space between the borehole wall and the exchanger 
pipes injected, if possible, with a special sealing grout.

The thermal conductivity of rocks at the location 
and the thermal resistance of the exchanger can be 
determined using mathematical methods of interpret-
ing TRT results. In order to determine these correctly, it 

is necessary to perform an adequate duration test. The 
recommended duration of TRT varies greatly depend-
ing on the literature [13–15]. Minimum duration of the 
TRT given in most studies is approximately 50 hours. 
However, in Poland, tests lasting approximately 
100 hours are most commonly performed [14]. These 
tests were also performed for this duration. Methods for 
interpreting TRT results are described in [1, 8].

3. Results and discussion

The first part of the analysis involving the interpretation 
of literature data is presented below. In order to calcu-
late the actual length of the inclined BHE, the relation-
ship presented in Table 4 was used. The increase in the 
length of the inclined borehole depending on the angle 
for 1 m of the drilled layer is presented in Table 5.

The change in the length of the exchanger is present-
ed below, and thus the increase in the power exchanged 
between the working medium and the rock mass, assum-
ing the same borehole depth (TVD – True Vertical 
Depth). The weighted average thermal conductivity per 
thickness should then be calculated for both the vertical 
and inclined boreholes. Table 6 shows the determination 
of the length of the vertical and inclined boreholes.

Table 3. cont.
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Table 4. Increase in the length of the inclined borehole depending on the drilling angle,  
assuming the length of the vertical borehole as H 

Length of the inclined borehole depending on the drilling angle [m]
10° 20° 30° 40° 45° 50°

H
0 985.

H
0 940.

H
0 866.

H
0 766.

H
0 707.

H
0 643.

Table 5. Increase in the length of the inclined borehole depending on the angle for 1 m of the drilled layer

Increase in the length of the inclined borehole depending on the angle for 1 m of the drilled layer [m]
10° 20° 30° 40° 45° 50°

0.015 0.064 0.155 0.305 0.414 0.556

Table 6. Lithological profile for fields A and B of the Geoenergetics Lab

Determining the length of the vertical and inclined boreholes (10°) [m]

No. Top 
[m]

Bottom  
[m]

Thickness – vertical borehole 
[m]

Thickness – inclined borehole 
[m]

Thermal conductivity
[W·m-1·K-1]

1 0.0 2.2 2.2 2.23 1.600
2 2.2 2.6 0.4 0.41 1.600
3 2.6 4.0 1.4 1.42 1.000
4 4.0 6.0 2.0 2.03 1.200
5 6.0 15.0 9.0 9.13 1.800
6 15.0 30.0 15.0 15.23 2.200
7 30.0 78.0 48.0 48.73 2.100

Total 78.0 79.18 –

When analyzing the above case, it can be seen that 
the average conductivity values for the profile are the 
same, and therefore the average unit power exchanged 
with the rock mass is also constant. Assuming the same 
borehole depth (TVD), the length measured in the case 
of an inclined wells for a borehole exchanger changes. 
The total power exchanged with the rock mass in a ver-
tical hole is 3014.70 W, while in the case of a diagonal 
hole (drilled to the same depth but at an angle of 10°) it is 
3060.31 W. Other cases were also analyzed. For a bore-
hole drilled at an angle of 30°, the total power exchanged 
with the rock is 3480.82 W. It should therefore be noted 
that as the angle of the inclined well increases, the total 
power exchanged with the rock increases.

The second part of the interpretation analyzes the 
results obtained during the TRT. The tests were per-
formed using a specialized device shown in Figure 1.

The first stage of installing the device is to correct-
ly connect the tubes of the BHE to the valve module. 
Using the tubes of the borehole heat exchanger plugged 
in to  the valves, to start the circulation of the working 
medium. The start of the test is considered to be the point 
at which a constant heating power is set on the heater. 
During heating, data such as the supply and return tem-
perature of the working medium, instantaneous flow, 
and atmospheric (outside) temperature are recorded. Fig. 1. TRT Equipment (photo Geoenergetics Lab team)
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These values are stored in the memory of the com-
puter connected to the device. The data obtained from 
TRT in the BHEs were interpreted using the classical 
method [1].

Borehole heat exchangers were tested: vertical 
and inclined, made at an angle of 10°. After con-
ducting laboratory tests, necessary computer studies, 
analyses and calculations, the following results were 
obtained:

	– for a vertical borehole heat exchanger, measured 
and calculated the effective thermal conductivity 
was 1.47 W·m-1·K-1,

	– for a inclined borehole heat exchanger, measured 
and calculated the effective thermal conductivity 
was 1.69 W·m-1·K-1.

When analyzing the above results, it can be seen 
that real effective thermal conductivity occurs for the 
inclined borehole. It is recommended to perform a TRT 
for each new investment for which a  field of BHEs is 
planned. This test should be completed after drilling 
the first well in order to determine the actual thermal 
parameters of the rocks, which is necessary for the 
proper selection of the number of heat exchangers for 
the investment.

4. Conclusions
Borehole heat exchangers are increasing in populari-
ty because they fit perfectly into the trend of renewable 
energy sources and can be installed anywhere, regard-
less of lithology. The development of cities and buildings 
requires unconventional solutions, such as the installation 
of borehole heat exchangers in inclined boreholes. This 
procedure allows for a reduction in the distance between 
boreholes on the surface without causing heat transfer 
between nearby boreholes (with depth, the inclined bore-
holes move further apart). The use of diagonal borehole 
heat exchangers also allows for maximizing the power 
exchanged with the rock mass by increasing the length of 
the borehole in the layer with the highest thermal conduc-
tivity. When drilling BHEs, it is recommended to prepare 
a TRT each time in order to determine the actual param-
eters of the ground since this allows for the appropriate 
selection of the size of the BHE installation.
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