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3D FINITE ELEMENT ANALYSIS FOR GEOTHERMAL ENERGY IN 
ENVIRONMENTAL GEOTECHNICS 

SUMMARY 

After the industrial revolution, the energy has become a very important issue for the 
development of a society, but over the past century there has been a dramatic 
increase in CO2 emissions in the atmosphere due to the over consumption of the 
energy by the humankind. Last two decades have witnessed a rapid change in CO2 
emissions and the rapid change is having a serious effect to the environment. The 
conventional way of consuming energy can cause significant problems, so an 
optimum solution has to be found to solve the complex relationship between energy 
consumption and the environmental damage. One of the most significant current 
discussions in energy issue is that how the sustainability in this equation will be 
obtained. Renewable energy sources present very sensible alternatives to this 
complicated question and shallow geothermal energy is one of the most considerable 
ones. 

The purpose of the research is to review the basic terminology of the ground source 
heating and cooling sytems and to make a contribution to the present literature. The 
most important aim of the research is to validate a newly developed 3D finite 
element modelling software Plaxis 3D Geothermics Beta Version which is still being 
developed and officially given to the University of Newcastle upon Tyne for 
validating the software. In order to achieve this goal, three different simulations are 
performed and these are a geothermal response test (GRT), BHE spacing influence 
on the energy gain and borehole array geometry influence on the system performance 
over long term. The main reason to choose these three analyses is the fact that they 
are also applicable in geotechnical engineering applications. Another important 
purpose of the research is to introduce this brand new area to the geotechnical 
engineering discipline and to focus on the possible use of ground heating and cooling 
systems in geotechnical engineering applications. 
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ÇEVRE GEOTEKNİĞİNDE GEOTERMAL ENERJİ SİSTEMLERİNİN 3 
BOYUTLU SONLU ELEMANLAR YÖNTEMİYLE ANALİZİ 

ÖZET 

Endüstri devriminden sonra enerji oldukça önemli bir konu haline gelmiştir. Ancak 
geçtiğimiz yüzyılda insanların aşırı enerji tüketimi sonucu atmosferdeki CO2 miktarı 
hızla artmış ve bu hızlı değişim çevreye kalıcı zararlar vermeye başlamıştır. İnsanlık 
olarak, enerji kaynaklarını tüketmedeki alışkanlıklar değişmezse, yakın gelecekte 
ciddi problemler ile karşılaşılması kaçınılmaz olacaktır. Bu nedenle enerji konusunda 
kalıcı çözümler bulunması zorunludur. Bu bağlamda enerji konusundaki en güncel 
tartışmaların başında ise sürdürülebilir enerji kullanımının mümkün kılmak 
gelmektedir. 

Bu çalışmanın başlıca amacı ise yüzeysel geotermal enerjinin ısıtma ve soğutma 
sistemlerinde kullanımı konusunda mevcut çalışmalara bir katkıda bulunmaktır. Bu 
sistemler yeni geliştirilmekte olan ve çok yakında piyasaya sürülecek bir yazılım 
olan Plaxis 3D Geothermics beta sürümü ile modellenmiştir. Bu yazılım kullanılarak 
3 farklı analiz yapılmıştır. İlk olarak zeminin geotermal parametrelerinin 
belirlenmesinde yaygın olarak kullanılan geotermal tepki deneyi modellenmiş ve 
sonuçları araziden alınan gerçek ölçümlerle kıyaslanarak yazılımın çalışabilirliği 
gösterilmiştir. Daha sonra ise aralık ve geometri tasarımının sistem performansındaki 
etkisini değerlendirmek için çeşitli analizler yapılmıştır. Analizler için bu üç 
konunun seçilme nedeni ise bunların geoteknik mühendisliği kapsamında da 
değerlendirilebilecek konular olmasıdır. Bu çalışmanın diğer bir önemli amacı ise, 
geotermal ısıtma ve soğutma sistemlerinin geoteknik mühendisliğindeki olası 
uygulamalarına vurgu yapmak ve bu konunun geoteknik mühendisliği disiplini 
içerisinde de değerlendirilmesi yönünde bir açılım yaparak geoteknik mühendisliğine 
bir katkıda bulunmaktır.  
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1. INTRODUCTION 

It is becoming significantly difficult to ignore the inevitable increase in the earth’s 

population and the serious damage caused to the environment by humanity as a result 

of the energy consumption required for their survival. Over the past century there has 

been a dramatic increase in CO2 emissions in the atmosphere due to the excessive 

consumption of energy. The total consumption of conventional types of energy, 

which is directly proportional to the growth in population, is the leading cause of 

damage to the environment. The last two decades have witnessed a rapid change in 

CO2 emissions and this is having a major effect on the environment. Unless the use 

of conventional type of energy sources is changed, it is very apparent that the very 

survival of humankind will be threatened. In other words, the current way of 

consuming energy could destroy the earth, so an optimal solution must be found to 

solve this complex relationship between energy consumption and destruction of the 

environment. Currently, one of the most significant discussions in the issue of energy 

is how sustainability will be achieved in this equation. Although this question seems 

very complicated, renewable energy sources present very reasonable alternative 

solutions. 

Over the past 30 years, significant research has been done and increasingly rapid 

advances have been made in the field of renewable energy. These advancements 

offer a clearly promising future for the planet. Currently, there are available different 

types of energy sources: Some of these energy sources, such as solar, wind and 

geothermal energy, are defined as renewable energy sources. Geothermal energy, 

defined as heat energy stored inside the solid earth, is listed as one of these 

renewable energy sources. This source is mostly known for its use of heat energy in 

very deep parts of the physical earth. Although geothermal energy is considered a 

new area of energy, it has actually been in use for a long time. Geothermal energy is 

an unlimited source of energy and has no CO2 emissions. Moreover, it is available in 

every location in the world and is independent of weather conditions, a plus when 

compared to other renewable energy sources, such as solar or wind.  
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Geothermal energy is a very broad area to examine and it can be simply classified as 

shallow geothermal energy and deep geothermal energy. The first 200-300 m below 

the ground is considered shallow in terms of geothermal energy and below that level 

it is defined as deep geothermal energy. This classification is used according to the 

systems used for the extraction of this energy. Deep geothermal energy can be 

directly extracted due to the high temperature (energy) difference whereas in shallow 

geothermal energy special equipment is required, such as heat pumps; to amplify this 

temperature difference (or simply energy difference) before it is available for use. 

Recent developments in the field of geothermal energy have enabled shallow 

geothermal energy to become available for space heating and cooling. The basic truth 

behind the use of shallow geothermal energy is very simple. Ground temperature 

below a certain depth remains constant throughout the year, therefore this makes the 

relatively shallow part of the earth’s crust suitable for space heating or cooling 

systems. In winter time, the ground temperature below a certain depth 

(approximately first 5-10 meters of the ground and it mostly depends on the 

geographical location and thermal properties of the soils) is warmer than the surface 

whereas in summer time it is colder. The basic idea of a heat exchanger is to pump 

colder liquid from any space (house, schools or offices, etc.) into the ground in 

winter and obtain warmer liquid; in summer, warmer liquid is pumped into colder 

ground to obtain colder liquid. Heat pumps and borehole heat exchangers are used 

for the process. Ground source heating and cooling systems, which usually consist of 

heat pumps and borehole heat exchangers, have been used for a couple of decades 

around the world and are now becoming more attractive due to economic and 

environmental reasons. As might be expected, the United States is the leading 

country for this newly developed technology.  Sweden, Germany, Austria, and 

Switzerland are also very advanced and are the other pioneer countries in this 

technology worldwide. Numerous studies have been conducted on the use of shallow 

geothermal energy in space heating via ground-source heat pumps (GSHPs) and 

borehole heat exchangers (BHEs); however, a few studies have focused on the 

modelling of geothermal response tests, spacing influence and borehole-array-

geometry optimization of BHEs over the long term. Moreover, some studies 

highlight the importance of using geothermal heating and cooling systems in 

geotechnical engineering applications. 
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The purpose of this research is to review the basic terminology of ground-source 

heating and cooling systems and to contribute toward the present literature. The most 

important aim of this research is to validate a newly developed 3D finite-element 

modelling software package, Plaxis 3D Geothermics, beta version, which was 

officially presented to the University of Newcastle upon Tyne for testing and is still 

being developed. The software is used to simulate a geothermal response test and to 

determine the spacing influence of BHEs and the influence of borehole array 

geometry on system performance over the long term. These three analyses are 

preferred because the results can be used for geotechnical applications. Another 

important purpose of this research is to review the research concerning the use of 

shallow geothermal energy systems in geotechnical engineering applications; 

therefore this research also focuses on the possible use of ground heating and cooling 

systems in geotechnical engineering applications such as pile foundations and braced 

cuts. 

This research is divided into five parts. In the first part, there is a brief introduction to 

the research area. In section two, a review of recent literature on the shallow 

geothermal energy and the use of shallow geothermal energy in space heating and 

cooling are presented. Also, a literature review on spacing influence and software 

used in this area is presented briefly. In the last section of part two, the possible use 

of ground source heating and cooling systems in geotechnical engineering 

applications is presented; the energy piles concept is also introduced. Section three 

presents the objectives of the research and modelling methodology which has been 

used during the analysis. This section also describes the fundamental mechanics of 

heat transfer and the parameters considered to perform the calculations. Section four 

presents the results of the calculations performed for geothermal response test 

(GRT), spacing and geometry influence, respectively. The last section concludes 

with the research and lists the main findings of this research with recommendations 

for the future research for ground source heating systems in geotechnical 

engineering. 

  



4 
 

  



5 
 

2. GEOTHERMAL ENERGY IN ENVIRONMENTAL GEOTECHNICS 

In this chapter, the fundamental information about ground source heating and cooling 

systems (GSHS) and their applications in geotechnical engineering is reviewed to 

give background details and recent research in this area. First, a brief introduction to 

the shallow geothermal energy concept is presented, followed by a description of 

ground source heating and cooling systems. Geotechnical engineering applications 

are presented such as energy piles and other possible applications. Finally, some 

basic background information on previous studies relating to the topics (geothermal 

response test, spacing and array geometry influence on energy gain) covered in the 

research is presented in this chapter. 

2.1 Introduction to Shallow Geothermal Energy 

Energy is one of the most important and crucial issues nowadays. It will remain the 

most important topic for humankind in the foreseeable future. It is not only required 

for the survival of living things in the natural world, but also it is a powerful tool for 

the economic development of all societies in all countries. Although it plays a critical 

role for everyone, energy consumption is not equal in different parts of the world. 

For instance, the energy consumed by 70% of the world’s population is equal to the 

energy consumption of 25% of Western Europe, and one sixth of the USA [1]. 

Moreover, one in three people do not have access to modern energy services [2]. 

These statistics prove that distribution of energy consumption is not fair in the world. 

The statistics also confirm that sophisticated solutions have to be found — and as 

soon as possible. It is estimated that the world’s total energy consumption is 400 EJ a 

year, and that fossil fuels such as oil, natural gas and coal supply 80 % of this, 

whereas renewable sources provide only 14 % [3]. Table 2.1 provides the world 

primary energy consumption in 1998 and the distribution of this energy consumption 

with respect to energy sources (%). 
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Table 2.1: World primary energy consumption in 1998 [3] 

Energy source Primary energy 
(exajoules)

Percentage 

Fossil fuels 320 79.6 
Oil 142 35.3 
Natural gas 85 21.2 
Coal 93 23.1 
Renewables 56 13.9 
Large hydro (> 10 MW) [biomass, geothermal, 
solar, small hydro, tidal, wind] 9 2.2 

Traditional biomass 38 9.5 
New renewables 9 2.2 
Nuclear 26 6.5 
Total 402 100 

From this table it is apparent that the world depends on fossil fuels (approximately 

80% of total consumption), but the negative ecological effects of the burning fossil 

fuels pushes the entire world to use clean and renewable energy sources [4]. 

Renewable energy can be replaced once extracted [5]. There are different types of 

renewable energy sources, such as solar, wind and geothermal. Table 2.2 gives the 

potential energy production of renewable energy sources, concluding that the 

required energy for the future can clearly be met by renewable energy [4]. In other 

words, humankind can continue to thrive by using renewable energy sources. 

Table 2.2: Technical potential of renewable energy resources [3] 

Energy source EJ per year 
Hydropower 50 
Biomass 276 
Solar energy 1575 
Wind energy 640 
Geothermal energy 5000 
Total 7541 

 

Geothermal energy is one of the most significant clean and renewable energy 

sources. Theoretically, since the source is the earth itself, it provides an unlimited 

source of energy. Moreover, geothermal energy is clean and produces lower 

greenhouse gases emissions when compared to other energy sources [6]. 
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A comparison can be seen in figure 2.1 that compares the greenhouse gas emissions 

(CO2 equivalent) of different power generation technologies. The CO2 equivalence of 

emissions is given in g/kWh of electricity. In addition to low greenhouse gas 

emissions, geothermal energy is also independent from weather conditions unlike 

other renewable energy sources such as solar and wind energy. For these various 

reasons, geothermal energy is the most preferred renewable energy source. 

  

Figure 2.1: Greenhouse gas emissions of power generation technologies [7]. 

The power that lies behind geothermal energy, which is a basic fact about the Earth, 

is that temperature changes with depth. In other words, the deeper you reach the 

hotter you get, and this simple natural condition is the key concept in providing an 

unlimited source of energy. Figure 2.2 shows the parts of the earth (crust, mantle, 

outer core and inner core) and the average temperature values (in Celsius) according 

to depth. 

 

Figure 2.2: Earth as an energy source [8] 
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Geothermal energy is simply defined as the energy stored in the form of heat beneath 

the surface of the solid earth [9]. Since the earth absorbs and stores the majority of 

the energy received from the sun as heat, the temperature below a certain depth can 

remain constant throughout the year depending on the location. This natural truth is 

shown in the figure 2.3, which also shows the temperature change throughout the 

year. The measurements are taken in first days of February (1), May (2), November 

(3) and August (3), respectively. All of them show the same behaviour with depth. 

As can be seen from the figure 2.3, after a certain depth they reach same temperature 

value here that is approximately 10 °C in 20 meters, which is constant throughout the 

year and it increases with depth. It is estimated that in average the soil temperature 

increases 3 °C in every 100 meters.  

 

Figure 2.3: Seasonal variations of ground temperature [10] 

There are two different sources that determine the ground temperature: these are 

solar radiation and geothermal heat from the inner parts of the earth. Physical and 

structural properties of the ground, surface cover (e.g. bare ground, lawn and snow) 

and, climate determine the temperature distribution of the ground throughout the 

year. Three different zones can be listed inside the soil: surface zone, shallow zone 

and deep zone [11]. Both the general heat transfer mechanisms inside the ground and 

classification of the geothermal heat are illustrated in figure 2.4 below. 
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Figure 2.4: Classification of shallow and deep geothermal heat [12] 

Geothermal energy can be simply divided as shallow and deep geothermal energy. 

First 400 meters of the ground can be used for space heating and cooling with the 

ground source heat pumps. Especially, the first 100 meters of the ground is very 

suitable for storage and exchanging of the heat for space heating and cooling. After 

400 meters, which is defined deep geothermal energy and it is not focused in this 

research, it could be directly used for heating and cooling.  

Although geothermal energy is classified as one of the new renewable energy types, 

it has been used since the Roman’s time. However, there have not been any 

significant improvements in this area till twentieth century. The first large scale 

advancement in this area was done in Larderello, Tuscany, in 1904 by Prince Piero 

Ginori Conti. Figure 2.5 shows a photo from this experiment. Following that, the first 

commercially production was started in 1913. After these, a lot of improvements 

have been done, especially in Iceland, in 80 years resulting [4].  

 
Figure 2.5: First experiment [13]. 
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Before the ground source heat pumps, the shallow geothermal energy was only 

economically feasible in the locations where geothermal energy reservoirs are 

available. However, ground source heat pumps, which can be used everywhere, 

changed this general theory significantly and made shallow geothermal energy 

become utilizable for heating and cooling purposes in all the locations [4]. 

2.2 Ground Source Heating and Cooling Systems (GSHS) 

The use of shallow geothermal energy became available for space heating and 

cooling, thanks to the ground source heating and cooling systems. A ground source 

heating and cooling system is made up of three components. These are ground source 

heat pumps (GSHP), borehole heat exchangers (BHE), and a heat distribution 

system. The main difference between these systems is the type of heat exchanging 

component. The most widely used ones are: closed loop boreholes, energy piles, 

ground loops, wells, and pond loops. Figure 2.6 describes the different types of 

ground source heat systems that are universally available today. 

 

Figure 2.6: Different types of ground source heating systems [14] 
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If COP=4, three portions of energy can be obtained from one portion. Moreover, 

geothermal heat pumps use very little electricity and the United States Environmental 

Protection Agency has rated geothermal heat pumps as the most efficient heating and 

cooling system available in the world today [17].  

A ground borehole heat exchanger is the second component of the ground source 

heating and cooling systems. Borehole heat exchangers are actually simple small 

plastic tubes that are placed inside a borehole with surrounding fill material with a 

very high thermal conductivity, which enables the heat transfer to the ground. There 

are different kinds of configurations for pipes, such as single- and double-U pipe. A 

double-U pipe configuration is shown in figure 2.8. In Plaxis 3D Geothermics beta 

version, only single-U pipe and double-U pipe configurations are available. As it can 

be seen in figure 2.8, two U-pipes placed inside a borehole makes double-U pipe. 

Determination of the configuration depends on the system requirements. The average 

length of boreholes ranges between 50 to 150 meters and depends on the design 

requirements. In figure 2.8, Ti1 and Ti2 represent the parts from where the refrigerant 

enters to the plastic pipes and To1 and To2 represent the parts from where refrigerant 

exits. The third component of the ground source heating and cooling systems is the 

distribution system, which provides the comfort control for the building space. 

 

Figure 2.8: Borehole heat exchanger [18] 

Ground source heating systems are commonly classified as open loop systems and 

closed loop systems [19]. This classification is done according to the difference in 

the mechanism of the systems, and it uses an analogy to circuits. Both of the systems 

are explained briefly in the following sections. 
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2.2.1 Open loop systems 

The first type of ground source heating and cooling systems is open loop systems. 

Open loop systems use the groundwater from an aquifer inside the soil as a heat 

carrier (defined refrigerant in this research). Figure 2.9 illustrates an example of an 

open system in ground source heating and cooling systems. 

 

Figure 2.9: A schematic view of an open system [19] 

The water (or the heat carrier liquid) from an aquifer is pumped through one well (so 

called production well in the figure 2.9) and passes through the heat pump (inside the 

building) where the heat is added to or extracted from it. Finally, the water is 

discharged back to the aquifer (denoted as injection well in the figure 2.9) or used for 

other water management purposes. Since the system’s water supply and discharge 

are not connected underground, the system is called open loop system in the 

literature.  

These systems are applied where groundwater movement inside the soil exists. A 

powerful heat source can be obtained with open loop systems and it is relatively 

cheaper than closed loop systems, but water wells require some maintenance 

operations. Moreover, there should be suitable aquifers in order to mobilize an open 

system and it requires sufficient permeability and good water chemistry [19]. Since 

the open loop systems are not the main topic of this research and here it is only 

presented for information and clarification.  
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2.2.2 Closed loop systems 

Closed systems are the second type of ground source heating and cooling systems. A 

closed loop system uses a network of continuous underground pipe loops with both 

ends of the pipe system connecting to the heat pump, forming a sealed, closed loop. 

Water, or a mixture of water and environmentally friendly anti-freeze, circulates 

through the loop, transferring heat between the heat pump and the earth. Closed 

systems are categorized as horizontal closed loop systems and vertical closed loop 

systems. As the name implies, horizontal systems are placed horizontally within the 

soil, parallel to the ground surface. This approach minimizes the trenching area and 

increases the surface area. There are different methods of installing horizontal 

systems in Europe and the USA, as shown figure 2.10 and figure 2.11. 

 

Figure 2.10: Horizontal ground heat exchanger-European style [19] 

Horizontal systems are easy to install and less expensive than the vertical systems. 

However, horizontal systems also require a larger installation area than the vertical 

systems, so it is not always cost-effective to construct these systems in dense parts of 

cities where real estate may not be readily available. 

 

Figure 2.11: Spiral-type ground heat exchangers-the USA [19] 
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A vertical system is the other type of closed loop system. Boreholes are drilled into 

the soil and heat exchanger plastic pipes (borehole heat exchangers) are installed 

inside the boreholes, then the remaining part of the borehole is filled with highly 

thermal conductive material such as grout. The length of the borehole changes 

between 50 meters to 250 meters and the diameter is approximately 12-15 cm. Figure 

2.12 illustrates a vertical closed heat exchanger system which uses double-u pipe 

inside the borehole. In this figure, the heat pump is located in the basement of the 

building. Vertical borehole heat exchangers were developed due to restricted area 

and to obtain higher temperature differences from the system. The vertical system 

enables higher temperature differences, which means the deeper they reach the 

higher temperature difference they get. This also increases the energy efficiency you 

get from your system. The vertical system is more expensive than the horizontal 

system; however, it is more efficient and requires less external area for construction. 

This system is very suitable for the parts of cities where external area is limited. 

Vertical borehole heat exchanger systems can be applied to a variety of places such 

as houses and offices. In Europe, the highest concentration of boreholes is located in 

Germany, and the USA has the most in the world. 

 

Figure 2.12: Vertical heat exchangers in closed systems [19]  
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2.3 Thermo-Active Underground Structures in Geotechnical Engineering 

Civil engineering structures are constructed on different types of foundations. These 

foundations transfer the load of the superstructure to the ground. They are 

constructed at a certain depth below the ground surface and are classified as either 

shallow or deep. Shallow foundations are constructed where the upper soil layer is 

suitable for supporting a structure at a relatively shallow depth. If the upper layer of 

the soil is not suitable to carry the structure, deep foundations are required to transfer 

the weight of the superstructure to the stable layers at greater depths. These deep 

foundations are defined as pile foundations.  

Pile foundations are cylindrical structures with different diameters and different 

combinations of materials such as steel, timber, concrete, or composite. They are 

mainly classified as bearing or friction piles depending on their bearing capacity. If 

the most of the loads from upper structure are carried by the tip of the pile, it is 

defined as a bearing pile; if the shaft resistance (or frictional forces along the surface 

of the pile) take most of the bearing capacity, then it is called a friction pile. Pile 

foundations have been used for many years as load carrying and transferring systems. 

Historically, cities were located near streams, lakes, or seas; therefore, it has always 

been important to strengthen the bearing capacity of the ground. Piles were driven 

into the ground in order to achieve a suitable foundation.  

Geotechnical engineering generally deals with underground structures, focusing on 

the construction of foundations and the required excavations. Pile foundations are 

constructed when no other solutions are available, because these structures are 

expensive. Thanks to advanced machinery and special equipment, geotechnical 

engineering projects have become economically feasible, but there are still more 

ways to make them more economic and more efficient. 

Innovative methods provide promising alternatives to pile foundation applications. 

Over the last decade, scientists and engineers have investigated the use of 

geotechnical engineering applications (pile foundations, braced cuts, anchors and 

tunnels) as heat exchanger elements, which are already required for structural 

reasons.  
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Brandl [16] defines this new area as geothermal geotechnics, which needs to be 

considered as a multi-disciplinary area and from a geotechnical engineering point of 

view. Energy piles are the most significant applications of this area. They have 

proved that they are very suitable for both structural and thermal use. Energy piles 

(or thermopiles) are not the only applications of ground source heating and cooling 

systems in geotechnical engineering. Braced cuts which include diaphragm walls and 

anchors, as well as tunnels are other possible geotechnical applications figure 2.13 

shows the cross-sectional view of an anchored energy pile wall. 

 

Figure 2.13: Cross-sectional view of anchored energy pile wall [20] 

Figure 2.14 and figure 2.15 show the ground source heating and cooling from 

different tunnel applications. figure 2.14 presents an example of the cut and cover 

tunnel method and it feeds the school building close to the underground line. 
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Figure 2.14: Schematic view of energy extraction from tunnels [20] 

In the figure 2.15, there is a ground source heating and cooling application for a 

tunnel that is excavated with New Austrian Tunnel Method (NATM). These are two 

examples of ground source heating and cooling systems for tunnel construction. The 

literature confirms that all of these applications are suitable for thermo-active ground 

structures. 

 

Figure 2.15: Schematic view of an energy tunnel excavated with NATM [20] 
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Another possible practical application of ground source heating and cooling systems 

is the road surface heating. These systems can be integrated to transportation systems 

in order to prevent them from ice formation. Figure 2.16 shows a schematic view of a 

road surface heating with pumps and borehole heat exchanger located close the road. 

 

Figure 2.16: Road surface heating [21] 

This application has various application areas in three main transportation systems 

[22];  

• Land transportation  

o Roads, viaducts, driveways, parking lots and sidewalks etc.  

• Air transportation 

o Airport runways, taxiways and aprons etc. 

• Rail transportations 

o Railway platforms and railway points/switches etc. 
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Vertical ground source closed systems can be applied when there is a weak soil 

beneath our structure and when pile foundations are required to support 

superstructural loads. Pile foundations are very expensive solutions for foundation 

engineering applications and they are only constructed when it is necessary. 

However, they can be easily converted to energetic (or energy absorber) foundations 

by attaching tubes to the reinforcement gages of the piles and pumping heat 

exchanger fluids in these tubes inside the piles and this will only add a little extra 

cost to the total budget [23], [24]. This will reduce the cost of total investment for 

pile foundations and also other geotechnical applications. It also makes geotechnical 

applications economically feasible over long term. Energy piles can also be classified 

as closed systems. An application of energy piles for a single storey house is shown 

in figure 2.17 

 

Figure 2.17: Energy piles [16] 

 

There are two functions of energy piles; structural and energetic. The first aims to 

transfer superstructural loads to the ground, and the second aims to exchange heat (or 

heat transfer) with ground. A general schematic view and cross-section of an energy 

pile is illustrated in figure 2.18. The pile is 900 mm in diameter and has three loops 

of pipes. 
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Figure 2.18: Energy piles and cross-section of a pile with 3 loops [19] 

The main difference with the conventional borehole heat exchanger system is the use 

of concrete, which has high thermal conductivity and good thermal storage as a fill 

material.  

Driven, bored or augered piles of reinforced concrete can be converted into energy 

piles by inserting plastic pipes (HDPE) that carry a special fluid capable of 

conducting heat from its surroundings. These high density polyethylene plastic tubes 

are connected to reinforcing cages inside the piles. Figure 2.19 illustrates the 

schematic view of the details of an energy pile [23], [25], [26]. A photo that shows 

plastic pipes connected to the reinforcement cage is presented in the figure 2.20. 

These pipes carry a special fluid that has a very high thermal conductivity; they 

conduct the heat to its surroundings (that is concrete in energy piles). Since concrete 

has high thermal conductivity, it rapidly transfers the heat from liquid to the 

surrounding soil. 

 

Figure 2.19: Schematic view of the details of an energy pile [27] 
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Figure 2.20: Installation of pipes in the reinforcement cage [28] 

Figure 2.21 illustrates the details of an energy pile configuration and connection with 

the basement. 

 

Figure 2.21: Configuration of an energy pile [28] 
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As shown in the upper part of the figure 2.21, heat exchanger heat pipes are 

connected to the energy station placed inside the floor slab. In the lower part of the 

figure 2.21 the plan view of the energy pile is shown. All the plastic heat exchanger 

pipes are connected to the main system mentioned above. In this example, the 

diameter of the energy pile is 150 cm and there are 16 plastic pipes located inside. 

Half of the pipes are for the Tin and other half for Tout. Figure 2.21 shows the details 

of a single energy pile. figure 2.22 illustrates the group of energy piles and their 

connections to the main energy supply (e.g. heat pump). 

 

Figure 2.22: Group energy pile system. [28] 

An example of energy demand and output for heating and cooling (annual 

distribution) of a building founded on energy piles is presented in the figure 2.23. 

The temperature of heat carrier fluid is also shown in this figure 2.23. 

 

Figure 2.23: Annual power output of energy piles. [29] 



24 
 

The first studies date back to 1980’s when a Swedish scientist considered the 

possibility of storing thermal energy in clayey subsoil and extracting this energy 

when required by heat pump. In 1983 and 1985, patent applications were completed, 

which defines the process in this manner: “If a building is founded on foundation 

piles because of the insufficient bearing capacity of the subsoil and if the building is 

heated by a heat pump, the pile foundation is utilized as a heat exchanging element” 

[23]. Energy piles were first practically implemented in Austria and Switzerland in 

the mid 1980’s and, then their use spread throughout all of Europe [16]. Actually, 

energy is first obtained from the rafts then piles and diaphragms walls. Austria is 

considered the pioneer country for the developing of energy piles throughout the 

world, and these systems have been in use for two decades in Austria. The number of 

energy piles installed in Austria can be seen from the figure 2.24. 

 

Figure 2.24: Number of energy piles installed in Austria in recent years [16] 

figure 2.24 plots both the energy piles per year and the cumulative amount. It 

indicates a clear upward trend in the number of energy piles in Austria. Furthermore, 

figure 2.24 shows that there is a significant increase in energy piles in 2004. 

Although the energy piles concept has a thirty-year history, significant research and 

applications only begin to appear after late 1990s. The lack of knowledge in the 

thermal behavior of an energy pile is the main reason for this apparently slow 

application of this technology. 
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In recent years, there has been an increasing amount of literature on applications of 

shallow geothermal heating and cooling systems in geotechnical engineering, most of 

it focused on energy pile foundations [20], [16], [23]. Different authors defined these 

structures with different terminology such as energy piles, thermopiles, energy 

absorber foundations and thermo-active structures. Brandl (2006) summarises 

shallow geothermal energy applications in geotechnical engineering in a very 

detailed paper. A recent case study in Berlin is reported by Himmler (2006) which 

shows that 15% of the heating demand and 100% of the cooling demand is met by 

the energy pile system at the International Solar Centre in Berlin in Germany [30]. 

Another case study is presented by Pahud (2006). In his two year study, Pahud 

measured the thermal performance of the Dock Midfield energy pile system at 

Zurich airport in Switzerland. He points out that the annual heating and cooling 

requirements are very close to the designed values, and the performance of the 

energy systems is very good [31]. Another remarkable application of energy piles 

was constructed in Frankfurt am Main in Germany where the pile foundations of a 

high rise building were designed as energy piles. In this project, 112 piles were 

converted to energy piles [25]. Hamada et al. (2007) also presented the field 

performance of an energy pile system for space heating. In this study, they concluded 

that a U-shape pipe type has better characteristic with respect to economic efficiency 

and workability. They also pointed out that performance of the system is relatively 

high [32]. He et al. compared the conventional borehole geothermal heat pump 

system and the energy pile geothermal heat pump system according to the storage 

capacity and initial cost. They highlighted that the energy pile system achieves better 

results than the conventional system due to the better heat transfer properties of 

concrete and being independent of extra drilling costs [33]. Although there are 

several studies that have included positive comments on energy piles mentioned 

above, there is still insufficient data for thermal effects on mechanical behaviour of 

energy piles, and more research needs to be done similar to the study of the thermo-

hydro mechanical behaviour of energy piles was carried out by Laloui et al. (2005) 

[27]. Another study is presented by Bourne-Webb, P. J., et al. (2009). These 

researchers performed a load-cyclic thermal test on a test pile; the first application in 

the United Kingdom. They investigated the thermal and mechanical behaviour of the 

test pile in order to understand the effect of temperature change on the geotechnical 
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response of the pile [34]. Brandl also confirms that the thermal loading effect on the 

bearing capacity of an energy pile is not of statically significant magnitude. 

Experiences have shown that ground source heating and cooling systems can save 66 

% of the cost when compared to the conventional systems. The required energy can 

be obtained by a single heat pump, and it is possible to produce 50 kW of thermal 

energy within the building from 1 kW of electricity. The ground temperature of 

around 10 °C and approximately 2 °C of temperature difference between the initial 

and the final fluid temperature is sufficient for the economic operation of the ground 

source heating and cooling systems. If there is a lower temperature it is still possible 

to extract energy from the ground. Groundwater flow is an advantage for the 

efficiency of the system but it is not essential for the economic operation of the 

system. Finally, for the cost analysis, the investment-return period of the system 

changes between 5 to 10 years depending on the deep foundation system (diameter, 

length of the piles), ground properties and energy prices in that period of time [20]. 

Thermal properties of the ground (or the soil) are very important for the design 

process. It is generally accepted that the most suitable soil conditions are highly-

permeable soils with groundwater flow. If, on the other hand, heat storage inside the 

soil is considered, then lower-permeable unsaturated soils are advantageous. In 

addition to geotechnical and hydrogeological characteristics of the soil, investigation 

of thermal properties of soils (thermal conductivity of the soil, specific capacity of 

the soil etc.) is also essential. 

The evaluation and design process of ground source heating and cooling systems is a 

multi-disciplinary area that includes geotechnical, hydrogeological, thermal and 

mechanical engineering. A number of applications have already been introduced for 

the use of energy piles as a ground-source heating and cooling system. In the near 

future, it is likely that, on a global basis, such systems will become increasingly 

popular. Based on the fact that such systems are cost efficient and environmentally 

friendly, it is evident that geotechnical engineering will take an important role in the 

integration and deployment of these systems into all kind of commercial and 

residential structures. 
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2.4 Geothermal Response Test (GRT) 

In order to design geothermal structures and some input parameters, determination of 

the geothermal characteristics of soil is essential. These parameters can be derived 

three ways [35]: 

• Through tables found in any publications or other studies 

• Laboratory test 

• Field test 

These three methods are common for the most engineering projects. Generally, tables 

and graphs from previous research are enough for the designs; however, for larger 

projects (> 10 BHEs) it is required to estimate the ground thermal properties through 

a field test [35]. In this study, one of the field tests is focused, but the appendix 

contains an example of the tables that can be obtained from the literature. Different 

laboratory testing is in practice, though none of it is presented here. The third 

option—the geothermal response test (GRT)—is a main part of this study and shall 

be explained in the following. 

The geothermal response test (GRT), which the literature also refers to as the thermal 

response test (TRT), is an in-situ test performed in order to determine the heat 

transfer (thermal) properties of the ground. This test is accepted as a reliable and 

practical method to determine the thermal properties of the soils [36]. There are two 

very important parameters obtained from this test: 

• Effective thermal conductivity of the ground (λeff) 

• Thermal resistance within the borehole (Borehole resistivity / heat 

conductivity of the grouting material) 

Basically, the inlet (Tin = T1) and the outlet (Tout = T2) temperature difference of the 

fluid (also referred refrigerant) are measured in order to derive these parameters in 

the geothermal response test. figure 2.25 shows a general schematic view and the 

parts of the test apparatus. 
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Figure 2.25: Schematic view of TRT [37] 

A considerable amount of literature has been published on the Thermal Response 

Test [37], [38], [39], [40]. Theoretical fundamentals on such tests were established in 

the mid 1970’s, while the first practical applications were made in the 1990’s. 

Morgensen [41] advanced his first approach in 1983, a theory that is based on the 

line source approximation [42]. Sweden and the United States are the pioneer 

countries in the development of the Geothermal Response Test. The first mobile test 

equipment was developed at Lulea University in Sweden in 1995-1996 [43], and 

similar research has been carried out at Oklahoma State University since 1996 [44]. 

In a Thermal Response Test, a defined thermal load is applied to a borehole heat 

exchanger, and the inlet and outlet temperatures are measured over time.  There are 

some basic procedural requirements for this test: 

• Power load generation should be as steady as possible. 

• Development of the inlet and outlet temperature of the borehole heat 

exchanger should be recorded (for a minimum of about 50 hours). 
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Recording the temperature should commence simultaneously with the start of the 

pump circulation. There are two options in determining the initial ground 

temperature: 

• Measuring the temperature profile inside the heat exchanger pipes (without 

circulation). 

• Recording the first 10 to 20 minutes of pumping through the pipe (without 

heating or cooling) allowing a short time interval (e.g. 10 sec.) 

To assess the minimum Geothermal Response Test duration Eklöf and Gehlin 

established the following equation in 1996 [45]: 

α

25 rtb
⋅

=                                                                                                                 (2.2)  

where 

tb: Lower time limit of data to be used 

r: Borehole radius 

α: Thermal diffusivity with estimated values (α = λ / ρcp) 

Although it has been noted that the lowest time period changes are between 36 to 48 

hours, 48 hours is recommended as the minimum test duration. Since a stable heat 

flow has to be achieved in the ground, the measuring period of the test cannot be 

shortened. Furthermore, in the first few hours of the test the temperature 

development is mainly controlled by the borehole filling and not by the surrounding 

soil. 

There are two basic principles to evaluate geothermal response test: 

• The line-source approximation 

• A parameter estimation using a numerical model 

The line-source theory is the easiest way to analyze the GRT data. This theory can be 

applied if the temperature curve shows a straight line as a function of logarithmic 

time after an initial time of 10 to 15 hours. 

eff
l H

Qk
λπ ⋅⋅⋅

=
4

                                                                                                   (2.3)           

Thermal conductivity of the soil is calculated from the equation above as follows: 
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π
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4
                                  (2.4) 

 
where 

kl:  Inclination of the curve of temperature versus logarithmic time 

Q: Heat injection / extraction 

H: Length of borehole heat exchanger 

λeff: Effective thermal conductivity 

In TRT, the borehole thermal resistance (rb) can be determined by the following 

formula 
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where 

Q: Heat injection (W) 

H: Borehole depth (m) 

λ: Thermal conductivity (W/m/K) 

T0: Initial ground temperature (°C) 

R0: Borehole radius (m) 

α: Thermal diffusivity {α = λ / ρcp} (m2/s) 

 

A brief example of the calculation is given in table 2.3 below from the data of the 

first test in Langen, Germany in 1999. 

Table 2.3: Parameters of the first TRT in Germany [45] 

Parameters Value 

Test Duration 50.2 h 
Ground Temperature 12.2 °C 
Injected Heat 4.90 kW 
Depth of BHE 99 m 
Borehole diameter 150 mm 
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The regression curve of mean fluid temperature is derived as shown in figure 2.26 

below. 

 

Figure 2.26: The regression curve [45] 

From the data given in table 2.1 and figure 2.26 so we have; 

Q = 4.9 kW = 4900 Watt 

H = 99 m 

k = 1.411 (the inclination of the curve) 

Effective thermal conductivity (λeff) is calculated, 

79.2
411.1994

4900
4

=
⋅⋅⋅

=
⋅⋅⋅

=
ππ

λ
kH

Q
eff  (W/m.K)                                             (2.6) 

Although the GRT is a standard tool for determining the thermal properties of the 

ground, it also has some limitations. First of all, in Thermal Response Test (TRT) the 

fluid flow and power generation are assumed constant. In practice, these parameters 

change over time. Groundwater flow is another significant limitation for the GRT 

due to the convection effects and is the most serious disadvantage of the line source 

method. Since the high groundwater flow, when flow velocities are higher than 0.1 

m/day, the thermal conductivity is hidden so that the values obtained cannot be used 

for the design correctly.  

The GRT is a convenient way of estimating the thermal conductivity of the ground 

and it is becoming widely accepted as a primary test for the determination of the 

thermal properties of the soils for both the ground source heating and cooling 

systems design. 
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2.5 Spacing and Borehole Array Geometry Influence 

Although geothermal parameters, such as thermal conductivity are determined from a 

single borehole heat exchanger (a geothermal response test), borehole heat 

exchangers (including energy piles) are generally designed as a group of boreholes, 

so the spacing and borehole arrays effect are significant parameters to consider when 

designing these systems. Signorelli (2004) studied spacing effects, and different 

values (3, 5, 7.5 and 15 meters) of spacing are modelled in her study. She points out 

that minimum spacing should not be less than 7-8 m, even in ground with high 

thermal conductivity (>3 W/m.K) in order to provide sustainable production [46]. 

Figure 2.27 shows the temperature difference of the produced outlet fluid 

temperature of BHE fields relative to a single BHE. 

 

Figure 2.27: Temperature difference of the produced outlet fluid temperature [46] 

Brandl (1998) also stated that spacing of the energy piles can be determined with 

respect to pile parameters (diameter, depth and thermal properties) and the thermal 

storage capacity of the surrounding soil. He also highlights that about 2 meters from 

a single pile there is no significant temperature fluctuation [20]. 

Spacing is a critical parameter for the design of a system and it should be optimized 

according to the requirements of the structure. If the spacing is too dense then the 

soil block will not have enough volume to recover itself along the borehole.  
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2.6 Commonly Used Software in GHCS 

There are number of softwares developed worldwide for the simulation of the ground 

source heating and cooling systems. Among all, the most widely used one is Earth 

Energy Designer (EED) software. It has been used for borehole heat exchanger 

design since summer 1995. It is very easy to use and the most important advantage of 

the software is that it has been tested for a relatively long time in practical 

applications comparing to Plaxis 3D Geothermics, which is still being developed 

[47]. Moreover, Earth Energy Designer (EED) software has a very advanced 

database for the material properties of the soil, heat pipe and, the refrigerant, which 

are the critical parameters for the design process. This feature of the EED is very 

efficient for everyday engineering works and it also very beneficial when there is not 

any field measurement of the material properties available. The software 

recommends the user convenient values. A database example for thermal 

conductivities from the software is given in the figure 2.28. 

 

Figure 2.28: EED Database for thermal conductivities [47] 
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EED has also a very good database for surface ground temperatures for the most of 

the cities located in Europe. If there is not any surface ground temperature 

measurement available, these values can be taken for the cities listed in the figure 

2.29. All the values available inside Earth Energy Designer (EED) are listed in the 

appendix. 

 

Figure 2.29: EED Database for ground surface temperatures [47] 

Although it is a powerful tool for designing geothermal heating and cooling systems, 

it was not possible to model a geothermal response test to do back analysis in order 

to check calculated data and analyze the significant relationships of Tin and Tout by 

Earth Energy Designer (EED). 
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3. METHODOLOGY OF THE RESEARCH 

This section of the dissertation illustrates the basic features of Plaxis 3D Geothermics 

beta version (released in February 2005) and explains the entire structure of the 

research. The software for this version is based upon finite element method, 

specifically developed for modelling vertical closed-loop ground source heating and 

cooling systems. The beta version utilized in this research was officially given to the 

University of Newcastle–upon-Tyne for the purpose of testing the software before 

releasing the full market version, although currently, the software is yet being 

developed by Plaxis.  

The methodology section is comprised of three parts: first, the objectives of the 

research are presented; secondly, terminology related to the research is defined 

briefly; and finally, model descriptions and assumptions are furnished.  

3.1 Objectives 

The main objective of the research is to model ground source heating and cooling 

systems that are equipped with newly developed finite element software to validate 

the software’s compatibility. There are three separate independent analyses in this 

research: 

• A geothermal response test is modelled and compared with the real data 

measured from the field. In this model, a back analysis is performed to 

compare the calculations by Plaxis with real data. 

• The spacing effect of the borehole system is analyzed.  

• Borehole array geometry is studied to determine which type of array is the 

most efficient for optimal energy gain. 
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3.2 Terminology 

In this section the terminology required for the analysis are defined simply to make 

readers remember some basic definitions. First of all, heat transfer mechanisms are 

explained and then, the parameters and terminology used in the simulations are 

defined.  

Heat transfer is the form of energy transfer from one system to another due to the 

temperature (also energy) difference between two systems. In the nature, the heat 

flows from hot system to the cold one and this flow occurs in three ways. These are 

conduction, convection and radiation processes. Figure 3.1 illustrates these three heat 

transport mechanisms inside the soil. In this figure the temperature change with 

depth is also shown.  

Conduction process occurs as a result of interaction between the particles. It can take 

place in solids, liquids or gases. Convection is the second type of energy transfer. It 

occurs between a solid surface and the adjacent liquid or gas that is in motion, and it 

involves the combined effects of conduction and fluid motion. The faster the fluid 

motion, the greater the convection heat transfers. In the absence of any bulk fluid 

motion, the heat transfer between a solid and the adjacent fluid is by pure 

conduction. Radiation occurs as a result of the changes in the electronic 

configurations of the atoms or molecules. 

 

Figure 3.1: Heat transport mechanism inside the soil [16] 
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Heat flow can be steady or transient—depending on the temperature change with 

time. If the temperature does not change with time, it is defined as steady state heat 

flow; otherwise it is defined as transient state heat flow. For instance, if the air 

temperatures in and outside the house remain constant then heat transfer through the 

wall of a house can be modelled as steady [49].  

There are some basic parameters required in Plaxis 3D Geothermics in order to 

complete a model. These parameters are the thermal conductivity (λ), specific heat 

capacity (Cp), density (ρ), porosity (n) and viscosity (ν) of the materials. Thermal 

conductivity (λ) is an important component in ground source heating and cooling 

systems and it plays a critical role in geothermal heating and cooling system designs. 

Thermal conductivity (λ) of a material can be defined as the rate of heat transfer 

through a unit thickness of the material per unit area per unit temperature difference. 

The thermal conductivity of a material is a measure of how fast heat will flow in that 

material. A large value of/for thermal conductivity indicates that the material is a 

good conductor [48]. Thermal conductivity of some materials and soils are given in 

the appendix of this research. Specific heat (Cp) is another important parameter for 

heat transfer analysis and it is defined as the energy required for raising the 

temperature of a unit mass of a substance by one degree. The product ρCp, which is 

frequently encountered in heat transfer analysis, is called heat capacity of a material. 

Both specific Cp and the heat capacity ρCp represent the heat storage capability of a 

material. But Cp expresses it per unit mass whereas ρCp expresses it per unit volume, 

as can be noticed from their units J/(kg.°C) and J/(m3.°C), respectively. Density (ρ) 

of a material is defined as the mass per unit volume and given by the equation below.  

V
m

=ρ                                                                                                                      (3.1) 

Porosity (n) is the measure of void spaces in a material (soil). 

T

V

V
V

n =                                                                                                                     (3.2) 

Vv: Volume of the voids 

VT: Total volume of the soil 
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Viscosity (ν) is a measure of the resistance a fluid which is being deformed by either 

shear stress or extensional stress. 

ρ
μν =                                                                                                                       (3.3) 

where 

ν: Kinematic viscosity (m2/s) 

μ: Dynamic viscosity (Pa.s) (kg/m.s) 

ρ: Density (kg/m3) 

3.3 Theory and Formulation in Plaxis 3D Geothermics 

In this section the basic formulations used in the Plaxis 3D Geothermics is presented. 

These formulations are adapted from the published paper by Al-Khoury et al [18] 

[49]. For a steady state groundwater flow, the continuity equation per unit volume 

can be expressed as 
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Q : Source (m3/s/m3) 

qx : Specific heat flow in x direction (m/s) 

qy : Specific heat flow in y direction (m/s) 

qz : Specific heat flow in z direction (m/s) 

qx, qy and qz can be derived from Darcy’s law presented below 

x
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−=                                                                                                             (3.5) 

k : Hydraulic conductivity (m/s) 

w
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+=                                                                                                            (3.6) 
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Groundwater total head (m) with y elevation head and p/γw the pressure head p (kPa) 

is the pore pressure and γw (kN/m) is the unit weight of the water. 

For a steady state, the conductive-convective heat flow rate in a unit soil volume can 

be expressed as 
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Ts : Soil temperature (K) 

cw : Specific heat of groundwater (J/kg.K) 

ρw : Density of groundwater (kg/m3) 

H : Heat source (W/m3) 

ux : Flow velocity in x direction (m/s) 

λx: Thermal conductivity in x direction (W/m/K) 

For a transient condition, the conductive-convective heat flow rate in a unit soil 

volume can be expressed as 
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(3.8) 

Figure 3.2 shows the finite element representation of a single U-shape heat pipe. The 

most common configurations are single U-shaped and double U-shaped in practice. 

In Plaxis only single and double U-shaped heat pipes can be modelled. 

 

Figure 3.2: Schematic and finite element representation of a single U-shape [49] 
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Figure 3.3 shows the schematic view of the heat flow in a heat exchanger. In this 

figure the heat flow from surrounding soil is also shown by the notation qsoil.  

 

Figure 3.3: Schematic heat flow in a heat exchanger [49] 

3.4 Model Descriptions and Assumptions 

The model parameters required for the simulations are presented in this section. All 

the parameters are presented in the order parallel to the Plaxis 3D Geothermics 

interface. The user interface of Plaxis 3D Geothermics consists of three sub-

programs: Input, output and curves. Geometry is defined and calculations are 

executed in the input, results are visualized in the output and, finally charts are 

generated in the curves part of the software.  

All the parameters are presented as tables in order to make it easier for the readers to 

follow. Soil and the material properties are kept constant for all of the three analyses. 

In order to assess the software Plaxis 3D Geothermics and to keep the problem as 

simple as possible in the beginning, a geothermal response test that has one heat pipe 

of 100 m embedded in one soil layer is considered. It involves geothermal heat flow 

analysis of one heat pipe embedded in a one layer soil system. 
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3.4.1 Simulation of the measured data of a geothermal response test 

The analysis in this research is the modelling of a geothermal response test that was 

carried out in the United Kingdom prior to this research. In the actual thermal 

response test, the power and the fluid rate were assumed to be constant during the 

test, so these parameters are also considered to be constant in the model. The 

experiment was carried out for 50.5 hours, and Tin and Tout values were recorded. Tin 

values are entered in the model from the results of this test. The dimension of the soil 

block is 100 m x 150 m x 100 m, and the geometry input is shown in figure 3.4. 

 

Figure 3.4: Plan view of Plaxis model 

The geometry input of the model is determined in the beginning of the model, and 

the dimensions are presented in table 3.1 below. 

Table 3.1: General settings – geometry input 

Parameter Values Dimension
Block Size (x-direction) 100 m
Block Size (y-direction) -150 m
Block Size (z-direction) 100 m
Spacing 5.00 m
Number of Intervals 5 -
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As mentioned in the literature review section, the thermal response test is based on 

the line source model, and an average thermal conductivity is determined from the 

results of this test. In order to perform a back analysis correctly, a single soil layer 

with the properties determined from the actual test is assumed. Since no groundwater 

flow was recorded prior to the test, groundwater flow values are assumed to be zero 

in all directions (x, y and z). The actual soil profile is presented in table 3.2. In the 

analysis, both of the single layer and three layer conditions are simulated. 

Table 3.2: Reported geological (soil) profile [50] 

Depth (m) Soil Classification 
0 - 17 Brown Boulder Clay 

17 - 17.15 Coal 
17.15 - 27 Grey Mudstone 
27 - 100 Grey Sandstone 

For the real case, the parameters are selected from the published report and 

recommended values are assumed. They are presented in table 3.3. 

Table 3.3: Soil parameters for assumed single layer 

Parameter Values Dimension 
Thermal Conductivity (λ) 3.67 W/m.K 
Density (ρ) 2000 kg/m3 
Specific Heat Capacity (Cs) 1050 J/kg.K 
Heat Transfer Coefficient between Soil and Air (bas) 0.1 - 
Porosity (n) 0.1 - 
Groundwater Flow in x direction (vx) 0 m/s 
Groundwater Flow in y direction (vy) 0 m/s 
Groundwater Flow in z direction (vz) 0 m/s 

The borehole length in the actual thermal response test was 100 m.  All the borehole 

properties are presented in table 3.4. 

Table 3.4: Borehole properties 

Parameter Values Dimension 
Borehole Length (l) 100 m 
Borehole Type Single-U - 
Borehole Diameter (d) 0.13 m 
Flow Rate of the Refrigerant (q) 0.000272 m3/s 

There are different types of pipe material in the industry. In this test a 32 mm 

polyethylene HDPE pipe is used. Other required properties for the pipe material are 

given in table 3.5. 
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Table 3.5: Pipe material properties 

Parameter Values Dimension
Pipe Diameter (d) 0.032 m
Wall Thickness (t) 0.003 m
Thermal Conductivity (λ) 0.42 W/m.K
Heat Transfer Coefficient between Pipe and Surrounding 
Grout (Rai) 

- W/m2.K

Inside the pipe, water at 15 °C is used as the refrigerant material where it is 

commonly used in most closed-loop systems when only heat is being injected into 

the ground. Table 3.6 shows the properties of the water refrigerant used in this 

research. The most widely used refrigerants are monoethylenglycole, 

monopropylenglycole, methanol, ethanol, potassium carbonate and calcium chloride. 

Properties of the refrigerants are also presented in the appendix. 

Table 3.6: Refrigerant properties 

Parameter Values Dimension
Density (ρ) 999.2 kg/m3

Heat Capacity (Cs) 4186 J/kg.K
Thermal Conductivity (λ) 0.591 W/m.K
Kinematic Viscosity (ν) 1.14x10-6 m2/s

The borehole is backfilled with a high thermal conductivity grout in order to sustain 

a good conductivity between pipes and the surrounding soil. A 6:1 mix of silica sand 

bentonite is selected as the grouting material for this test, and the required parameters 

for the fill material are presented in table 3.7. Material properties of the other 

possible fill materials are also presented in the appendix. 

Table 3.7: Fill material properties 

Parameter Values Dimension
Thermal Conductivity (λ) 1.78 W/m.K
Density (ρ) 1700 kg/m3

Specific Heat Capacity (Cs) 2000 J/kg.K
Heat Transfer Coefficient between Grout and 
Surrounding Soil (bgs) 

- W/m2.K

In Plaxis 3D Geothermics, the energy extraction capacity of the heat pump is also 

entered as an input, 5.86 kW is entered for heating power, and 4 kW is entered for 

the cooling power.  
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In the calculation part, two phases are modelled. In the initial phase, the heat transfer 

is steady state, and the soil is assumed to be subjected to a surface temperature of 

11.1 °C.  It changes with depth, and at the bottom of the soil block volume, the 

temperature is 15 °C. Figure 3.5 (adapted from the report) shows the temperature 

profile of the soil that was measured on 22nd October 2008 prior to the start of the 

geothermal response test. Measurements were taken for every 1 meter. The average 

temperature of the soil was 12.2 °C. The soil temperature profile is given for 100 

meters depth in the report, but in the plaxis model, depth of the soil block is 200 

meters. Below 100 meters (from 100 meters to 200 meters), a linear temperature 

increase is assumed, which is 2°C for every 50 meters.  

 

Figure 3.5: The temperature profile of the soil [50]. 
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The soil temperature profile for the simulation is presented in the figure 3.6. 

 

Figure 3.6: Soil temperature profile in the plaxis model 

The second phase of the simulation is conducted as a transient heat flow. In Plaxis 

3D Geothermics, the first phase is defined as the initial phase, so the second phase is 

defined as the first phase. Tin values are entered for every minute from the test. As 

stated before, the test lasted 50.5 hours, and the measurements are taken for every 

minute, which means there are 3030 Tin values recorded during the test. All of these 

values are entered one by one in the first phase. Since presenting all these values 

takes a huge volume in the appendix, they were only given as a figure so anyone can 

digitize this curve by using free simple softwares available on the internet. All the 

other measurements taken in the test are presented in the figure 3.7. 
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Figure 3.7: Actual data from the test [50] 
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3.4.2 Simulation of the borehole spacing influence over long term 

The second part of the analysis deals with the spacing influence over the long term. 

In practice, vertical closed systems usually consist of groups of boreholes rather than 

a single one. This case is similar to that of pile foundations. In order to analyze the 

spacing influence, the soil and material properties are assumed to be similar to the 

ones used for geothermal response tests. Thus the material and soil parameters can 

directly be taken from the previous tables. The assumptions are explained below.  

Looking at the top view of the model, 12 heat pipes are distributed homogeneously 

over a 2000 m x 2000 m area. The distance between each pipe is increased from 10 

meters to 100 meters — that is 10, 20, 40, 80 and 100 meters, respectively. The pipe 

lengths equal the geothermal response test and 100 meters for each borehole. The 

calculations are performed for each spacing value for 25 years in order to analyze the 

effect of spacing for both the short- and long term. 

Annual Tin values used in the calculations are adapted from a published paper 

regarding Zurich, located in the middle of Europe (in Switzerland). It represents a 

good example of average temperature for general assumptions in Europe [51]. These 

annual Tin values are only used for spacing effect and borehole geometry effect 

analysis, not for the simulation of the geothermal response test. They are listed in the 

table 3.8 below and they are repeated for 25 - year period. As can be seen from the 

table 3.8, half of the year Tin values are 7 °C and other half it is around 20 °C. This is 

a good example of balanced energy demand of a building. 

Table 3.8: Annual Tin values for Zurich in Switzerland [51] 

Months Tin (°C) 
January 7 
February 7 
March 7 
April 19 
May 19 
June 20 
July 21 
August 21 
September 20 
October 7 
November 7 
December 7 
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3.4.3 Simulation of the borehole array geometry influence 

The influence of borehole array geometry on energy gain is analyzed in the third part 

of the research. This approach is also similar to the evaluation of the spacing effect 

and different arrays are modelled in order to achieve this goal. All the soil and the 

material properties that are also used for spacing analyses are assumed equal the ones 

used for the geothermal response test.  

There are some assumptions made in this simulation. These are listed as follows: 

• Boreholes are placed in different array geometry such as rectangle, O, U and 

A shape. 

• Total soil block volume is assumed equal which corresponds 200 m x 200 m 

and 150 meters depth (6,000,000 m3) 

• The total available area (30 m x 30 m) for the design is considered equal in 

order to compare energy gain at the end of the analysis.  

• The spacing for O, U and A shape is 10 meters, whereas for rectangular shape 

it is 15 meters in order to meet the equal area assumption that is 900 m2.  

• 12 boreholes are modelled for each array type. This number is selected in 

order to meet the equal area assumption. 

• The length of the borehole is 100 meters and total length is 1200 meters and 

equal for all of them. 

• The borehole group is located exactly in the middle of the soil block volume 

in order to keep the same conditions for all of the arrays. 

• Soil and material properties are assumed equal for all of them and the data 

used from the geothermal response test (GRT). They are presented in section 

3.4.1 and can be seen in table 3.3, table 3.4, table 3.5, table 3.6 and table 3.7 

• The location of the soil profile is assumed same for all of them and it can be 

seen in the following figure 3.8, figure 3.9, figure 3.10 and figure 3.11 on the 

upper left (point number 4).  

• The annual Tin values are entered for each month and taken also from Zurich 

in Switzerland and can be seen in table 3.8. 
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First O-Shape borehole array geometry is modelled, and figure 3.8 illustrates the o-

shape geometry. 

 

Figure 3.8: Plan view of the o-shape in model 

Secondly, rectangular shape borehole array geometry is modelled. In this model, the 

total area where the boreholes are located, number of boreholes and their length are 

equal to o-shape but the spacing value is set 15 meter in order to meet the total area 

assumption. 

 

Figure 3.9: Plan view of the rectangular-shape in model mode 
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Thirdly, a-shape borehole array geometry is modelled. In this model, the total area 

where the boreholes are located, number of boreholes and their length and spacing 

value (10 meters) are equal to o-Shape. 

 

Figure 3.10: Plan view of the a-shape in model 

The last borehole array geometry modelled is the u-shape. In this model, the total 

area where the boreholes are located, number of boreholes and their length and 

spacing value (10 meters) are equal to o-shape. 

 

Figure 3.11: Plan view of the u-shape in model  
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4. EVALUATION OF THE SIMULATIONS 

In this section, the main findings of the research are presented and the outputs are 

explained in great depth. The results of three analyses will be presented: the 

geothermal response test (GRT), the spacing influence on energy gain and the 

borehole array geometry influence on energy gain, respectively. 

4.1 Evaluation of Geothermal Response Test (GRT) Simulation 

The first set of analyses examined the software’s validity by simulating an actual 

geothermal response test (GRT) carried out in the field. Also, in order to assess the 

differences between the actual three layer soil profile and the assumed one layer soil 

profile, both conditions are simulated.  figure 4.1 presents the plan view of the Plaxis 

3D Geothermics single borehole model, located in the middle of the soil block after 

the calculations are performed for the single layer assumption. The mesh is 

automatically generated by Plaxis 3D Geothermics beta version, and it is possible to 

increase or decrease the density of mesh generation, affecting the total analysis time. 

2D and 3D mesh generation is performed separately for efficiency. 

As can be seen from the figure 4.1 on the following page, the influenced area around 

the borehole shaft (shown light blue) is very small because the geothermal response 

test lasted only 50.5 hours, which is too little time to thermally affect a larger area. 

This light blue area represents the temperature change along the borehole shaft after 

50.5 hours, and it also shows that the ground is gradually heated gradually. 

Temperature values are presented on the right of figure 4.1. Dark blue represents the 

surface of the ground that is around 10 °C. On the bottom of the figure 4.1 the 

maximum and the minimum temperatures values are noted, in this case 15.01 °C and 

10.76 °C, and which nodes represent these values. 
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Figure 4.1: Plan view of Plaxis model for GRT 
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The measured soil temperature reported from the field, which is given in the 

methodology, is entered as initial input. figure 4.2 shows the temperature of the soil 

in a 3D model at the very beginning of the Geothermal Response Test (GRT). 

 
Figure 4.2: 3D view of the Plaxis model for GRT 

Figure 4.3 shows the temperature change in the soil block and the influenced area 

after the calculation is performed. 

 

Figure 4.3: 3D View of the model at the end of the GRT 
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Figure 4.4 shows the soil temperature change along the borehole shaft after 

completion of the test which lasted 50.5 hours. Heat flow along the borehole shaft 

can be easily seen in figure 4.4. The borehole for GRT can be seen in the middle of 

figure 4.4 and it can be seen that the heat flow is both vertical and horizontal along 

the heat pipe. The temperature change in the soil volume is not very significant 

because the test lasted 50.5 hours. Therefore, the amount of time is very unlikely to 

change the temperature of a huge volume of soil. Since the depth of the soil volume 

is 150 meters and the length of the borehole is 100 meters, heat flow is more 

significant in the first 100 meters of the simulation. This difference can also be noted 

in figure 4.4. 

 
Figure 4.4: Soil Temperature change along the borehole shaft 

On the following page, Figure 4.5 illustrates Tin, Tout and the grout (black line) 

temperature change with depth at the end of the test. In this figure, pipe-in represents 

Tin (blue line) and pipe-out represents Tout (red line). It can be seen from figure 4.5 

that the temperature difference (ΔT) between the Tin and Tout is -4.09 °C proving that 

there is a heat injection to the ground. The energy gain is -223 kWh and the power 

generation is -4.65 kW and -0.00465 kW/ m. 
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Figure 4.5: Tin, Tout and grout temperature change with depth 
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4.1.1 Comparison of calculated Tout with measured Tout from the field 

As described in the methodology section, Tin values are entered as input whereas Tout 

values calculated by Plaxis 3D Geothermics beta version and measured (Tin) data 

from the field is compared. The outputs are compared in two ways. First a single 

layer soil profile with given soil and material properties (estimated from actual 

geothermal response test) is assumed in the model and second one is assuming a 

three layer soil profile (actual soil profile). As can be seen from the figure 4.6 below, 

no significant differences were found between single layer model and three layers 

model for Tout.  

 

Figure 4.6: Comparison of calculated Tout with measured data 

Turning now to the experimental evidence on geothermal response test, a comparison 

of two results reveals a good match between measured data and calculated data. 

Therefore it is possible to state that modelling of a geothermal response test with 

Plaxis 3D Geothermics is very well possible.  The calculated Tout at the end of the 

test is very close to the measured data from the field. The actual Tout is 21.18 °C and 

the calculated one is 22.36 °C, which is 1.18 °C temperature difference and 

acceptable (see appendix for detailed measurements and calculated values). 

10

14

18

22

26

0 10 20 30 40 50 60

Temperature
(°C)

Time (hours) 

Tin °C Tout °C Tout (1 Layer) Tout (3 Layers)

Tin

Tout (Measured)

Tout (Plaxis)



57 
 

There are several possible explanations for this result. First of all, the model is based 

on the average values that were derived from the geothermal response test.  

Secondly, some parameters, such as porosity of the soil are taken from the published 

papers. Mesh generation can be another reason, because the program suddenly 

terminates or it takes a lot of time to run when the mesh generation around the heat 

pipe is increased. Therefore, more sensitive analyses could not be performed to 

investigate the effect of mesh generation. 

In Plaxis 3D Geothermics, if it is required, it is possible to investigate the results of 

the specific nodes by selecting some points in the finite element model before the 

calculations are performed. In order to see the temperature change of the soil at the 

top and bottom of the heat pipes, two points are selected from the top and bottom 

point of the heat pipe. It is also possible to obtain the grout temperature change with 

time from the curves program of the software. All the calculated data is presented in 

figure 4.7 together. As it is expected, the grout temperature is between the Tout and 

the soil temperature. Also, the grout temperature is increased parallel to the 

temperature of the refrigerant. Temperature of the top and the bottom of soil are 

increased slightly.  

 

Figure 4.7: Comparison of the soil and grout temperature 
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4.1.2 Evaluation of the energy gain in GRT 

In the GRT, if the temperature of the injected refrigerant is higher than the average 

soil temperature along the heat pipe shaft, the soil is slowly heated. In Plaxis 3D 

Geothermics, it is possible to generate energy gain vs. time curves. Since the heat 

flow from hot to cold is assumed to be positive, the test will produce is a negative 

energy gain. Figure 4.8 shows the negative energy gain change with time. Since the 

temperature of the injected fluid is being slowly increased, there is a linear 

correlation between time and energy gain. This correlation is generally linear in the 

geothermal response test; however, it is not linear in geothermal heating and cooling 

systems. 

 
Figure 4.8: Time and Energy Gain Curve 

Since no groundwater flow was recorded inside the soil layer, it was not possible to 

investigate the significant relationships of groundwater flow and thermal 

conductivity in the simulations. 

The groundwater flow influence on the energy gain is very complicated, and further 

data collection is required to determine how groundwater flow affects energy gain in 

the geothermal response test (GRT). 
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4.2 Evaluation of the Spacing Influence on Energy Gain 

The second set of analyses examined the impact of spacing over short and long term 

design. The calculations are performed for different spacing values (10, 20, 40, 80 

and 100 meters respectively). To see both the short term and the long term behaviour 

of the system, the calculations are performed for 25 years.  

figure 4.9 is drawn from the results obtained from the simulations. As explained in 

the methodology part, Tin values are taken from a published paper for Zurich (see the 

table 3.8). Energy gain versus time curves for different spacing values are shown in 

the figure 4.9. It is very clear that spacing affects the efficiency of the system. As is 

very apparent from this figure 4.9, approximately in 4-5 years, the spacing directly 

affects the total amount of energy gain.   

 

Figure 4.9: Effect of spacing in energy gain 

Comparing the five results, it can be seen that after 100 meters of spacing, the energy 

gain does not increase. Another remarkable result, as can be seen from figure 4.10 

below, after 100 meters of spacing the behaviour of each heat pipe becomes 

independent from each other and behaves similar to single heat pipe. 
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Figure 4.10: Comparison of single and group BHE 

The long term behaviour of a single and group borehole heat exchanger is similar. 

The soil temperature remains constant periodically if there is an energy balance 

between heating and cooling supplies. That is to say, if the injection of the heat to the 

soil is equal to the extraction of the heat from the soil, then it is possible to state that 

there is an energy balance in the system. This is the ideal condition where both 

cooling and heating is required for a long term. If Tin value remains constant, where 

only heating or cooling is required, the soil temperature increases or decreases 

gradually. Although, in practical terms it is not possible, Tin could be constant only 

where there is no temperature difference throughout the year. In some parts of the 

world, however, there is not much difference between the seasons, in which case an 

increase or decrease in the soil temperature is possible. 

In brief, spacing influence on energy gain is very complicated but generally energy 

gain could be optimized with spacing, however, more research on this topic needs to 

be undertaken before the association between spacing and energy gain from the 

system is more clearly understood. 
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4.3 Evaluation of the Borehole Array Geometry Influence on Energy Gain 

The third research question aims at investigating the effect of borehole array 

geometry on energy gain and finding the optimum array type. Therefore, this 

investigation considers o-shape, rectangular shape, a-shape, and u-shape arrays. As 

mentioned in the methodology section, certain assumptions must be met. First of all, 

the total available area for all design types is assumed equal. In other words, the 

layout border of the field is the same for all designs. The outputs are presented in the 

same structure. That is to say, 3D and a plan view of the model that represents the 

end of the simulation are presented first. Secondly, horizontal and vertical cross 

sections are presented. Finally, the outputs that show the temperature difference 

between pipe-in (Tin) and pipe-out (Tout) as well as power (kW and kW/m), heat pipe 

length, and the graphical representation of the temperature change with depth for Tin, 

Tout and grout are presented. Since the initial condition is the same for all of them, 

3D view of the initial phase is presented only once (see the figure 4.11 in the next 

page) to prevent from repeating the same outputs in the document. 

4.3.1 Results of o-shape array geometry 

Initial phase of the soil block volume is shown in Figure 4.11.  

 
Figure 4.11: 3-D view of the initial phase 
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Figure 4.12 shows the temperature change based on the calculations performed over 

the 25 years. Since the average temperature of the refrigerant Tin is more than the 

average temperature of the soil, the modelled soil volume is being slowly heated. In 

other words, the heat is being injected to the soil. When compared the figure 4.11 

and figure 4.12, the result of the heating process can be seen clearly.  

 
Figure 4.12: 3D view of O-shape after calculations are performed 

Plan view of the O-shape model is shown in the figure 4.13 based on the calculations 

performed over the past 25 years. 

 
Figure 4.13: Plan view of the O-shape after end of the test 
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Horizontal and vertical cross-sections are presented in the following figure 4.14 and 

figure 4.15. Figure 4.14 presents the horizontal cross section from the middle where 

the heat flow between the heat pipes can be seen. 

 
Figure 4.14: Horizontal cross-section view of the O-shape at end of the test 

Since the array geometry and the model are symmetric in both directions, the outputs 

of the cross-sections are identical in both horizontal and vertical cross sections. 

 
Figure 4.15: Vertical cross-section of the O-shape geometry at end of the test 
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Another output that can be generated from the Plaxis 3D Geothermics is the figure 

presented for Tin (blue line), Tout (red line) and grout (black line) temperature change 

of a single borehole with depth. The first information listed at the top left hand side 

of the figure is the temperature difference (ΔT) between pipe-in (Tin) and pipe-out 

(Tout), and the second one from the top is the energy gain (kWh) of the system. The 

information given is for the current step and the phase. Third one is the generated 

power and it is given in both kW and kW/m (the amount of power generated from 

the heat pipe per meter). The last one is the heat pipe length which is entered as an 

input for the simulation. The length of the heat pipe is presented here again in order 

to show the length of the selected heat pipe. The graphical representation of the 

temperature change with depth for Tin, Tout and grout are presented, respectively. 

Vertical axis represents the depth (in meters) and horizontal axis represents 

temperature (°C). As can be noticed from these figures, the temperature difference 

(ΔT) between Tin (pipe-in) and Tout (pipe out) is not same for these two heat pipes 

located next to each other. The difference between the energy gain and the power can 

be also seen from these figures mentioned above. The first heat pipe from top left 

and the second one next to it, from a horizontal direction, are selected in order to 

generate figure 4.16 and figure 4.17 shown in the following pages. For the heat pipe 

which is located at the top left, as can be seen from the Figure 4.16 the temperature 

of the refrigerant is 7 °C (this is determined in the input mode) and it increases to 8.1 

°C after circulation inside the pipe is completed. To see the temperature difference 

from the graph, the difference (between the blue and red line) at 0 meter (ground 

surface) can be considered. All the information obtained from this output for both 

heat pipes is compared in table 4.1.Heat pipe 1 shows the heat pipe on the top left of 

the borehole group and heat pipe 2 represents the second heat pipe on the top left. 

Table 4.1: Comparison of the heat pipes 

Parameter Dimension Heat Pipe 1 (Left) Heat Pipe 2 (Right) 
Temperature Difference (ΔT) °C 1.1 1.19 
Energy Gain    
Step kWh 2.74 103 2.96 103 

Phase kWh -1.1 105 -1.04 105 

Power kW 1.25 1.35 
Power per meter kW/m 0.0125 0.0135 
Length m 100 100 
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Figure 4.16: Calculated temperature distribution along a heat pipe after 25 years 
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Figure 4.17: Tin, Tout and grout temperature change with depth 
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4.3.2 Results of rectangular-shape array geometry 

Rectangular shape array (Figure 4.18), which is used the most commonly, was the 

second type of geometry analyzed. Three pipes are modelled horizontally and four 

pipes are modelled vertically in order to meet the same conditions (number of pipes 

and available area) with other array types. 

 
Figure 4.18: 3D view of rectangular-shape after calculations are performed 

Horizontal and vertical cross-sections of the model are considered and both of them 

are shown in Figure 4.19 and figure 4.20, respectively.  

 
Figure 4.19: Horizontal cross-section of the rectangular-shape geometry 
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Figure 4.20 shows the horizontal cross-section that intersects the heat pipes, as can 

be seen from this figure the parts where the heat pipes are located is show blue. On 

the other direction, that is vertical cross-section and that does not intersect the heat 

pipes, heat flow to the surface is seen in the Figure 4.20 below.   

 
Figure 4.20: Vertical cross-section of the rectangular-shape geometry 

Two heat pipes are selected again in order to investigate the behaviour with respect 

to their location, one from the corner and other is from the middle. 

Similar to the O-shape geometry, the temperature difference (ΔT) between Tin (pipe-

in) and Tout (pipe out) is not same for these two heat pipes. As can be seen from the 

figure 4.21 and figure 4.22, the temperature of the refrigerant is 7 °C (this is 

determined in the input mode) and it increases to 8.11 and 8.14 °C respectively after 

circulation inside the pipe is completed. 
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Figure 4.21: Tin, Tout and grout temperature change with depth 
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Figure 4.22: Tin, Tout and grout temperature change with depth 
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4.3.3 Results of a-shape array geometry 

A-shape array is the third type of geometry analyzed and a 3D view of this model is 

shown in figure 4.23 

 
Figure 4.23: 3D view of a-shape after calculations are performed 

Horizontal and vertical cross-sections of the model are shown in Figure 4.24 and 

figure 4.25, respectively. 

 
Figure 4.24: Horizontal cross-section view of the a-shape at end of the test 
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Figure 4.25: Vertical cross-section view of the a-shape at end of the test 

Tin, Tout and grout temperature change with depth for the a-shape array is presented 

in the figure 4.26 below. 

 
Figure 4.26: Tin, Tout and grout temperature change with depth 



73 
 

4.3.4 Results of u-shape array geometry 

U-shape array is the last type of geometry analyzed. The output of this model is very 

similar to A-shape and no significant differences were found between them. Similar 

output figures are presented below as figure 4.27, figure 4.28, figure 4.29 and figure 

4.30. From this data we can see that U-shape resulted in the lowest value of energy 

gain. 

 

Figure 4.27: 3D view of u-shape after calculations are performed 

 
Figure 4.28: Horizontal cross-section view of the u-shape at end of the test 
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Figure 4.29: Vertical cross-section view of the u-shape at end of the test 

 
Figure 4.30: Tin, Tout and grout temperature change with depth for 
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4.3.5 Comparison of the arrays in terms of energy gain 

The third goal of this research was to investigate the most efficient array geometry 

for boreholes. This can be also applicable for energy piles. Four widely used array 

types were modelled. Figure 4.31 and figure 4.32 present the comparisons between 

different arrays. In Figure 4.31, all of the arrays are plotted according to energy gain 

versus time, whereas figure 4.32 presents energy gain versus borehole array 

geometry.  

 

Figure 4.31: Energy gain vs. time comparison of the borehole arrays 

The results are not very apparent from figure 4.31, because the initial results are very 

similar to each other; but after 10 years time the difference can be better seen. figure 

4.32 shows the energy gain change with respect to array types. 
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Figure 4.32: Comparison of the borehole array geometry on energy gain 

As can be seen from the figure 4.32 the difference between the array geometry 

becomes more apparent after 10 years. For the first 5 years both lines are almost 

horizontal, but for 10, 15, 20 and 25 years they increase from u-shape to o-shape. A 

comparison of the four results reveals that the o-shape array is the most efficient and 

the u-shape is the least efficient in terms of energy gain. The most striking result lies 

in the different results between the O-shape and rectangular shape. Contrary to 

expectations, it can be seen that the o-shape is more efficient than the rectangular 

shape. This result may be explained by the fact that the surrounding area for each 

heat pipe in the o-shape geometry is more than the rectangular shape, which also 

means more soil volume for recovery.  
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4.4 Evaluation of the results in terms of geotechnical point of view 

First the analysis was the validation of a geothermal response test (GRT), and it can 

be clearly stated that the output obtained from this test can also be applied for the 

design of thermal underground structures in geotechnical engineering. Moreover, this 

test can be performed on the energy piles in order to see effects of concrete as a 

conductor material. 

Second, the spacing and borehole array geometry analysis are also applicable to pile 

foundations of various structures. It can be concluded that spacing is very critical in 

the design process and it is also important for the pile foundations. The results of the 

research for spacing can be interpreted for the foundations of the viaducts. It is 

common knowledge that viaducts are frozen earlier than other parts of the highways 

in winter. Hence the viaducts can be converted to energetic structures by installing 

heat exchangers beneath their foundations. As can be concluded from the analysis, 

after 100 m, the group influence of the borehole heat exchanger is minimal; therefore 

this amount of spacing can be applicable in the planning for the foundations of the 

viaducts. 

The last part of the research project has investigated the borehole array influence on 

the energy gain from the system. After performing four different array types, it was 

observed that the O-shape array geometry is the most efficient array type. This result 

can be applied to the pile foundations. A typical pile group can be seen in figure 

4.33.  

 

Figure 4.33: A typical pile group 
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If there is a group of piles required for any type of a building, and these piles are also 

required for conversion to energy piles, the configurations of these energy piles are 

determined according to the optimization of the array configuration. If a group 

consisting of 16 piles (4 x 4) is assumed, similar to the figure 4.34, and if only 12 

piles are required to be converted to energy piles, the most efficient configuration 

would be the o-shape array.  

 

Figure 4.34: Plan view of a raft foundation 

Since the most efficient configuration (array type) is the o-shape, the selection of the 

foundation piles required for conversion to energy piles logically would be the ones 

located at the peripheral piles in the pile group. This selection is shown in figure 

4.35. 

 

Figure 4.35: Optimum configuration for energy piles in terms of energy gain 

In this research, the borehole heat exchangers are also modelled as energy piles. 

However, the output of the research is not presented here because the software is not 

capable of analyzing structural loads and thermal loading at the same time. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

This dissertation has given an account of and the reasons for the widespread use of 

ground source heating and cooling systems. It has also examined the use of a newly 

developed 3D finite element software package (Plaxis 3D Geothermics beta version) 

by modelling the geothermal heating and cooling systems. It has briefly reviewed the 

fundamentals of the geothermal heating and cooling systems. Moreover, it has 

investigated the possibility of using geothermal heating and cooling systems in 

geotechnical engineering applications, such as energy piles, anchors, braced cuts, 

tunnels, and road surfaces.  

The main purpose of the current research was to validate a beta version of software 

package (Plaxis 3D Geothermics), which is officially licensed to the University of 

Newcastle upon Tyne for testing before release to the market. Therefore, in order to 

validate newly developed software, three different analyses, which are especially 

applicable in geotechnical engineering, were selected. That is to say, a geothermal 

response test (GRT) can be easily used while designing geothermal underground 

structures. Thus, a geothermal response test (GRT), actually performed in the field, 

was modelled as the first step of the analysis and the output compared with the actual 

data from the field. As a second step, the spacing influence on the energy gain was 

investigated. Spacing is chosen because it is also applicable in pile foundations. As 

spacing is an important parameter in pile foundations, an analogy can be done with 

the results. In this investigation, the aim was to assess how the spacing affects the 

design over long term. The third step of the research was designed to determine the 

influence of borehole array (o-shape, rectangular shape, u-shape and a-shape) 

geometry on energy gain. Here, the aim was to find an answer to which array 

geometry is the optimum in terms of energy gain on an energy-balanced system over 

the long term. Generally, this research set out with the aim of assessing the 

importance of geothermal heating and cooling systems in geotechnical engineering 

applications. 
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This research has shown that geothermal heating and cooling systems are gaining 

importance worldwide. The following conclusions can be drawn from the present 

research;  

• First, newly developed 3D finite element software is used to perform a back 

analysis using the data from an actual geothermal response test. In returning 

to the questions posed at the beginning of this research, it is now possible to 

state that Plaxis 3D Geothermics software shows a rather good prediction of 

fluid temperatures (Tout) of the geothermal response test. It is also possible to 

state that modelling of a GRT Plaxis 3D Geothermics is possible. Moreover, 

this software is very practical for the designs. 

• The spacing influence of a group borehole heat exchanger is very 

complicated, and while designing ground source heating and cooling systems, 

it should be considered in detail. Spacing and distribution of the BHE is very 

important over the long-term behaviour of the system. Spacing and borehole 

array geometry analyses are performed by Plaxis 3D Geothermics,  showing a 

good prediction, however, more research on this topic needs to be undertaken 

before the association between spacing and energy gain from the system is 

more clearly understood. 

• To investigate the most efficient configuration, four different array types (o-

shape, rectangular shape, a-shape and u-shape arrays) are simulated for 25 

years. Comparing four results shows that the o-shape is the most efficient 

array type in terms of energy gain over the long term. Rectangular shape is 

the second one, with the a-shape and u-shape arrays as the least efficient 

ones. 

• The investigation shows that sustainable production from a borehole heat 

exchanger can be achieved by proper design that takes all the parameters into 

consideration.  

• In Plaxis, it is possible to model a pile as a heat exchanger in terms of 

material, but no analyses are presented in this research because it is not 

capable of analyzing structural loads and thermal loading at the same time. 
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This research will serve as a base for future studies on modelling geothermal systems 

with Plaxis 3D Geothermics when the full version of the software is released to the 

market for practical applications. Moreover, this research will help the engineers and 

researchers who use this software for the first time in the future for their designs. The 

investigation shows that sustainable production from a BHE field can only be 

achieved by proper design and this newly developed 3D finite element software 

offers very practical solutions for these designs. Moreover, this software can be 

improved for the modelling of energy piles that takes the bearing capacity of the 

piles into consideration for the design. 

Although the current research has rather good results, a number of important 

limitations need to be considered.  

• The most important limitation lies in the fact that Plaxis 3D Geothermics is a 

beta version, which means it is still being developed. Moreover, it was 

developed before Windows Vista was released, so it is not possible to run 

software on Windows Vista yet.  

• Also, in some calculations the software suddenly terminates and it cannot be 

fixed (especially when increased the mesh density around the borehole heat 

exchanger). 

• Secondly, only the first part of the analyses could be compared with real data 

from the field. The calculations performed in the last two sections are based 

on the only computer modelling and comparison therefore these results could 

not be compared with the real data. 

• Thirdly, the results of this research indicate that more practical applications 

have to be designed by Plaxis 3D Geothermics in order to obtain realistic 

results. 

• Another significant limitation is that for the spacing and array geometry, it is 

not possible to simulate a borehole heat exchanger at different angles [52] to 

the vertical, with alternate boreholes in opposing directions. 

• Moreover, it was not possible to select other points in order to see the graphs 

for borehole heat exchanger. 
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Using shallow geothermal energy for space heating and cooling is a relatively new 

area. Further research should be done to investigate the various effects of this system 

and further studies, which take these variables into account, will need to be 

undertaken. Research questions that could be asked include the modelling the heat 

flow, groundwater effects on the whole system, and modelling applications in 

geotechnical engineering such as energy piles. Thermal influence on neighbouring 

properties in urban areas is another critical point that needs to be investigated and it 

needs to be clarified legally. 

Plaxis 3D Geothermics software is fast, user friendly and practical for calculation of 

borehole heat exchangers (BHE), but further development of the software is required 

for practical applications such as applications of the system in pile foundations, 

braced cuts, anchors and tunnels. Also, it is recommended that further improvements 

should be undertaken for modelling geotechnical applications in this software. 

Borehole heat exchangers (BHE) have been used for a long time and are very 

popular, especially in the United States and Northern and Central Europe (Sweden, 

Iceland, Switzerland, Austria, Germany and the United Kingdom). There is no doubt 

that there will be more applications in the future that use shallow geothermal energy 

in the commercial area, such as space heating for houses, schools, offices and 

factories. Using pile foundations and other geotechnical structures as heat exchangers 

is also possible. It is a very new area that is still being improved. These geoenergetic 

structures can be used in most of the geotechnical applications such as pile 

foundations, retaining walls, braced struts and tunnels. Energy piles are one of the 

most important applications of the ground source heating systems. Although there 

are some case studies for energy piles in some countries, the effects of thermal 

loading cannot be totally understood yet.  

Consequently, the modelling geothermal heating and cooling systems is an important 

issue for future research in geotechnical engineering. A research similar to this one 

should be carried out on spacing effect of energy piles as borehole heat exchangers. 

A further research with more focus on modelling energy piles (also defined 

thermopiles) is therefore suggested. Further experimental investigations and models 

are needed to estimate the thermal loading effect on pile bearing capacity.  
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APPENDIX A.1  

 
Figure A.1 : Thermal conductivity against dry density and water content for frozen 

and unfrozen soils (a) coarse-grained soil, frozen; (b) coarse-grained soil, unfrozen; 

(c) fine-grained soil, frozen; (d) fine-grained soil, unfrozen (Jessberger & Jagow-

Klaff, 1996) [16] 
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Figure A.2 : Borehole Logs 1/6 
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Figure A.3 : Borehole Logs 2/6 

 



 
 91

 

 

Figure A.4 : Borehole Logs 3/6 
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Figure A.5 : Borehole Logs 4/6 
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Figure A.6 : Borehole Logs 5/6 
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Figure A.7 : Borehole Logs 6/6 
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Table A.1 : Actual measurements of the GRT [50] 

Time Ambient Flow Rate Tin Tout 
hours °C L/min °C °C 
0.0 17.58 17.91 15.41 12.53 
0.1 16.86 17.63 17.94 12.67 
0.2 16.71 17.60 18.66 13.99 
0.3 15.67 17.50 19.23 14.31 
0.4 16.98 17.54 19.57 14.69 
0.5 17.64 17.39 19.90 14.98 
0.7 18.34 17.12 20.51 15.51 
0.8 18.30 17.06 20.70 15.67 
0.9 18.23 17.00 20.90 15.85 
1.0 18.06 17.05 20.97 15.94 
1.1 19.04 17.04 21.18 16.12 
1.2 18.99 17.02 21.28 16.25 
1.3 19.76 16.97 21.43 16.37 
1.4 19.60 16.88 21.52 16.43 
1.5 19.28 16.86 21.61 16.53 
1.6 20.15 16.84 21.71 16.61 
1.7 19.55 16.82 21.75 16.67 
1.8 18.81 16.78 21.78 16.72 
1.9 18.77 16.76 21.87 16.79 
2.0 18.82 16.81 21.93 16.85 
2.1 19.89 16.79 22.00 16.92 
2.2 20.05 16.79 22.11 17.01 
2.3 20.35 16.77 22.18 17.08 
2.4 21.72 16.68 22.28 17.13 
2.5 22.13 16.69 22.30 17.16 
2.6 20.48 16.67 22.33 17.22 
2.7 21.03 16.65 22.41 17.28 
2.8 20.51 16.66 22.46 17.35 
2.9 20.61 16.62 22.53 17.42 
3.0 21.11 16.65 22.63 17.50 
3.1 20.70 16.64 22.70 17.57 
3.2 20.78 16.65 22.75 17.63 
3.3 20.99 16.62 22.80 17.68 
3.4 20.86 16.66 22.87 17.74 
3.5 20.71 16.66 22.93 17.80 
3.6 19.99 16.63 22.98 17.87 
3.7 19.77 16.56 23.03 17.91 
3.8 18.20 16.60 23.05 17.97 
3.9 18.48 16.64 23.16 18.06 
4.0 18.49 16.60 23.22 18.11 
4.1 19.50 16.62 23.28 18.15 
4.2 19.76 16.60 23.33 18.20 
4.3 19.65 16.60 23.36 18.23 
4.4 19.46 16.59 23.37 18.25 
4.5 19.37 16.61 23.40 18.27 
4.6 19.48 16.55 23.41 18.29 
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4.7 19.26 16.54 23.42 18.30 
4.8 19.56 16.53 23.45 18.33 
4.9 19.24 16.50 23.45 18.34 
5.0 18.79 16.49 23.49 18.38 
5.1 18.23 16.53 23.52 18.41 
5.2 17.75 16.52 23.56 18.45 
5.3 18.40 16.49 23.61 18.49 
5.4 18.65 16.54 23.65 18.53 
5.5 18.34 16.47 23.67 18.55 
5.6 18.51 16.49 23.70 18.57 
5.7 18.36 16.49 23.72 18.59 
5.8 18.63 16.50 23.75 18.62 
5.9 18.42 16.52 23.76 18.63 
6.0 19.18 16.51 23.77 18.64 
6.1 19.55 16.49 23.79 18.66 
6.2 19.69 16.53 23.80 18.68 
6.3 19.64 16.49 23.81 18.69 
6.4 19.66 16.50 23.84 18.71 
6.5 19.77 16.47 23.84 18.71 
6.5 19.79 16.54 23.83 18.72 
6.6 19.52 16.54 23.86 18.75 
6.7 19.46 16.57 23.87 18.76 
6.8 19.28 16.54 23.89 18.78 
6.9 19.79 16.53 23.91 18.80 
7.0 19.59 16.53 23.92 18.82 
7.1 19.52 16.54 23.93 18.83 
7.2 19.62 16.52 23.95 18.85 
7.3 19.82 16.46 23.97 18.85 
7.4 19.77 16.52 23.98 18.88 
7.5 19.57 16.55 23.99 18.89 
7.6 19.10 16.56 24.00 18.91 
7.7 19.60 16.57 24.01 18.92 
7.8 19.69 16.57 24.03 18.93 
7.9 19.44 16.55 24.05 18.95 
8.0 19.76 16.55 24.07 18.98 
8.1 19.40 16.53 24.08 18.99 
8.2 19.48 16.50 24.09 19.00 
8.3 18.66 16.51 24.10 19.02 
8.4 18.72 16.46 24.11 19.03 
8.5 18.57 16.53 24.13 19.05 
8.6 18.90 16.52 24.17 19.07 
8.7 19.56 16.51 24.19 19.09 
8.8 19.54 16.51 24.19 19.10 
8.9 19.82 16.51 24.20 19.10 
9.0 19.97 16.52 24.21 19.12 
9.1 20.23 16.53 24.21 19.12 
9.2 20.58 16.56 24.21 19.13 
9.3 20.10 16.57 24.21 19.14 
9.4 20.41 16.57 24.24 19.16 
9.5 20.28 16.55 24.26 19.17 
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9.6 19.17 16.51 24.25 19.18 
9.7 18.33 16.48 24.24 19.20 
9.8 17.82 16.54 24.25 19.21 
9.9 16.95 16.48 24.29 19.23 
10.0 17.68 16.48 24.37 19.28 
10.1 16.86 16.45 24.38 19.31 
10.2 16.22 16.49 24.39 19.33 
10.3 15.99 16.45 24.42 19.36 
10.4 16.69 16.42 24.47 19.38 
10.5 16.96 16.40 24.48 19.40 
10.6 16.78 16.43 24.51 19.41 
10.7 17.66 16.46 24.54 19.42 
10.8 18.36 16.43 24.55 19.42 
10.9 18.67 16.42 24.55 19.42 
11.0 18.98 16.43 24.55 19.42 
11.1 18.89 16.44 24.53 19.41 
11.2 19.14 16.44 24.53 19.41 
11.3 19.60 16.44 24.55 19.42 
11.4 19.61 16.43 24.55 19.43 
11.5 19.83 16.40 24.56 19.44 
11.6 19.52 16.40 24.55 19.45 
11.7 19.76 16.43 24.57 19.45 
11.8 19.92 16.42 24.58 19.46 
11.9 19.72 16.42 24.59 19.47 
12.0 20.16 16.43 24.60 19.49 
12.1 19.59 16.43 24.62 19.50 
12.2 19.71 16.39 24.62 19.51 
12.3 20.16 16.39 24.63 19.51 
12.4 20.03 16.42 24.65 19.52 
12.5 20.00 16.41 24.65 19.53 
12.6 19.82 16.42 24.64 19.54 
12.7 19.01 16.42 24.65 19.56 
12.8 19.49 16.43 24.68 19.57 
12.9 19.70 16.41 24.69 19.58 
13.0 19.40 16.40 24.71 19.60 
13.1 19.14 16.42 24.73 19.62 
13.2 17.90 16.34 24.75 19.64 
13.3 17.60 16.29 24.75 19.66 
13.4 18.39 16.27 24.81 19.66 
13.5 18.20 16.26 24.81 19.67 
13.6 18.74 16.23 24.83 19.68 
13.7 19.10 16.16 24.87 19.69 
13.8 18.91 16.16 24.86 19.69 
13.9 19.35 16.19 24.85 19.69 
14.0 19.02 16.22 24.85 19.70 
14.1 18.91 16.26 24.79 19.65 
14.2 19.81 16.26 24.80 19.63 
14.3 19.41 16.24 24.79 19.63 
14.4 19.89 16.25 24.82 19.66 
14.5 19.90 16.26 24.83 19.66 
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14.6 19.94 16.24 24.85 19.69 
14.7 19.39 16.25 24.85 19.70 
14.8 20.08 16.23 24.87 19.69 
14.9 19.96 16.24 24.88 19.71 
15.0 20.19 16.25 24.90 19.74 
15.1 19.78 16.19 24.91 19.74 
15.2 20.00 16.14 24.93 19.76 
15.3 19.64 16.18 24.95 19.77 
15.4 20.03 16.17 24.95 19.75 
15.5 19.68 16.19 24.94 19.76 
15.6 20.13 16.19 24.94 19.77 
15.7 20.02 16.19 24.97 19.79 
15.8 20.00 16.19 24.98 19.80 
15.9 19.74 16.22 24.99 19.81 
16.0 19.99 16.16 25.00 19.82 
16.1 19.39 16.14 25.01 19.83 
16.2 19.66 16.12 25.04 19.85 
16.3 19.25 16.16 25.04 19.85 
16.4 19.71 16.17 25.07 19.88 
16.5 19.54 16.12 25.08 19.89 
16.6 19.82 16.11 25.10 19.90 
16.7 19.54 16.16 25.10 19.91 
16.8 20.05 16.16 25.13 19.93 
16.9 20.38 16.17 25.14 19.93 
17.0 20.09 16.17 25.14 19.94 
17.1 20.45 16.10 25.15 19.94 
17.2 19.92 16.11 25.14 19.93 
17.3 20.46 16.11 25.16 19.94 
17.4 21.01 16.11 25.17 19.95 
17.5 21.45 16.06 25.16 19.94 
17.6 20.67 16.09 25.15 19.94 
17.7 21.24 16.10 25.16 19.94 
17.8 20.83 16.08 25.16 19.95 
17.9 20.45 16.08 25.16 19.96 
18.0 20.56 16.08 25.17 19.96 
18.1 20.37 16.07 25.19 19.98 
18.2 20.57 16.07 25.22 20.00 
18.3 20.26 16.04 25.24 20.01 
18.4 20.28 16.07 25.25 20.03 
18.5 20.27 16.05 25.27 20.04 
18.6 20.58 16.04 25.29 20.05 
18.7 20.60 15.99 25.29 20.06 
18.8 21.01 16.05 25.30 20.07 
18.9 20.87 16.04 25.30 20.07 
19.0 21.49 16.04 25.32 20.08 
19.1 21.57 16.08 25.32 20.08 
19.2 20.85 16.07 25.29 20.07 
19.3 19.39 16.04 25.23 20.07 
19.4 19.36 16.05 25.29 20.09 
19.5 17.16 16.03 25.24 20.12 
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19.6 18.14 16.07 25.31 20.12 
19.7 18.07 16.07 25.35 20.16 
19.8 20.16 16.00 25.43 20.18 
19.9 19.40 16.03 25.40 20.18 
20.0 19.79 16.04 25.39 20.18 
20.1 19.71 16.04 25.40 20.18 
20.2 19.14 16.04 25.37 20.18 
20.3 19.90 16.05 25.43 20.18 
20.4 19.71 16.04 25.41 20.18 
20.5 18.31 16.05 25.38 20.20 
20.6 19.47 16.08 25.44 20.21 
20.7 18.66 16.05 25.42 20.22 
20.8 19.45 16.03 25.43 20.21 
20.9 18.10 16.07 25.40 20.22 
21.0 19.18 16.04 25.46 20.23 
21.1 18.11 16.04 25.42 20.25 
21.2 17.89 16.07 25.42 20.26 
21.3 17.47 16.07 25.42 20.26 
21.4 18.62 16.03 25.42 20.23 
21.5 17.95 16.05 25.42 20.22 
21.6 19.95 16.04 25.46 20.23 
21.7 20.15 16.07 25.47 20.24 
21.8 19.44 16.07 25.45 20.25 
21.9 19.93 16.07 25.45 20.25 
22.0 20.84 16.08 25.48 20.24 
22.1 20.61 16.07 25.46 20.25 
22.2 20.41 16.07 25.47 20.24 
22.3 19.19 16.08 25.42 20.24 
22.4 19.13 16.09 25.44 20.24 
22.5 19.49 16.06 25.44 20.26 
22.6 18.80 16.10 25.43 20.26 
22.7 18.08 16.09 25.41 20.29 
22.8 19.66 16.07 25.48 20.28 
22.9 20.11 16.09 25.52 20.28 
23.0 19.75 16.05 25.52 20.31 
23.1 20.33 16.11 25.53 20.31 
23.2 19.03 16.09 25.50 20.31 
23.3 19.96 16.04 25.56 20.32 
23.4 18.57 16.09 25.51 20.34 
23.5 19.18 16.10 25.54 20.34 
23.6 18.87 16.10 25.53 20.35 
23.7 19.17 16.09 25.53 20.33 
23.8 19.08 16.08 25.55 20.32 
23.9 19.50 16.04 25.52 20.32 
24.0 19.26 16.07 25.50 20.31 
24.1 20.21 16.06 25.57 20.34 
24.2 19.95 16.02 25.57 20.33 
24.3 18.96 16.07 25.48 20.33 
24.4 19.46 16.07 25.55 20.33 
24.5 18.83 16.09 25.55 20.37 
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24.6 18.49 16.06 25.52 20.35 
24.7 19.00 16.04 25.59 20.39 
24.8 19.20 16.08 25.61 20.40 
24.9 18.91 16.05 25.59 20.38 
25.0 18.88 16.09 25.56 20.40 
25.1 20.31 16.07 25.65 20.39 
25.2 19.69 16.08 25.55 20.37 
25.3 20.18 16.09 25.55 20.35 
25.4 19.73 16.06 25.52 20.33 
25.5 21.43 16.04 25.55 20.33 
25.6 19.79 16.06 25.54 20.35 
25.7 19.88 16.09 25.50 20.33 
25.8 19.77 16.07 25.55 20.34 
25.9 19.55 16.07 25.60 20.37 
26.0 19.01 16.05 25.58 20.40 
26.1 19.18 16.08 25.62 20.43 
26.2 18.55 16.03 25.61 20.46 
26.3 18.96 16.07 25.65 20.46 
26.4 18.62 16.09 25.61 20.47 
26.5 19.44 16.09 25.67 20.47 
26.6 20.40 16.10 25.73 20.48 
26.7 20.12 16.05 25.69 20.47 
26.8 20.94 16.11 25.72 20.46 
26.9 19.40 16.12 25.70 20.50 
27.0 19.23 16.12 25.70 20.51 
27.1 18.71 16.10 25.69 20.52 
27.2 18.29 16.08 25.69 20.54 
27.3 18.79 16.10 25.74 20.55 
27.4 18.84 16.12 25.77 20.58 
27.5 18.27 16.10 25.72 20.59 
27.6 19.25 16.09 25.80 20.57 
27.7 20.26 16.10 25.81 20.57 
27.8 20.45 16.12 25.80 20.57 
27.9 19.28 16.11 25.74 20.56 
28.0 21.05 16.07 25.79 20.56 
28.1 19.74 16.12 25.78 20.57 
28.2 19.15 16.13 25.76 20.58 
28.3 19.08 16.08 25.75 20.57 
28.4 18.59 16.11 25.78 20.60 
28.5 18.63 16.15 25.81 20.61 
28.6 18.85 16.08 25.82 20.64 
28.7 18.95 16.09 25.86 20.65 
28.8 17.97 16.09 25.75 20.63 
28.9 17.71 16.10 25.71 20.56 
29.0 18.41 16.07 25.74 20.57 
29.1 18.19 16.10 25.74 20.55 
29.2 17.98 16.11 25.69 20.53 
29.3 17.92 16.11 25.70 20.55 
29.4 18.26 16.09 25.75 20.57 
29.5 17.90 16.10 25.69 20.57 
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29.6 17.73 16.11 25.70 20.56 
29.7 17.81 16.08 25.70 20.56 
29.8 17.76 16.12 25.68 20.56 
29.9 18.12 16.11 25.74 20.57 
30.0 18.56 16.13 25.79 20.56 
30.1 18.36 16.11 25.77 20.60 
30.2 18.64 16.12 25.77 20.61 
30.3 17.89 16.11 25.73 20.60 
30.4 17.93 16.16 25.72 20.60 
30.5 17.89 16.11 25.73 20.61 
30.6 18.01 16.12 25.73 20.61 
30.7 18.08 16.13 25.77 20.63 
30.8 17.82 16.14 25.75 20.61 
30.9 17.63 16.15 25.67 20.62 
31.0 17.75 16.14 25.74 20.62 
31.1 17.91 16.16 25.73 20.62 
31.2 18.07 16.14 25.77 20.62 
31.3 17.98 16.15 25.73 20.63 
31.4 17.83 16.10 25.74 20.63 
31.5 18.31 16.14 25.79 20.64 
31.6 18.64 16.15 25.83 20.65 
31.7 17.81 16.17 25.73 20.66 
31.8 18.09 16.15 25.78 20.64 
31.9 17.88 16.15 25.75 20.65 
32.0 17.79 16.15 25.71 20.64 
32.1 18.69 16.14 25.87 20.65 
32.2 18.04 16.15 25.79 20.68 
32.3 18.53 16.17 25.85 20.66 
32.4 18.27 16.16 25.84 20.67 
32.5 18.25 16.14 25.82 20.67 
32.6 18.11 16.06 25.83 20.66 
32.7 18.05 16.06 25.82 20.65 
32.8 17.99 16.04 25.80 20.67 
32.9 18.26 16.08 25.91 20.66 
33.0 18.17 16.07 25.85 20.68 
33.1 18.58 16.15 25.93 20.70 
33.2 18.60 16.13 25.90 20.71 
33.3 17.98 16.13 25.88 20.71 
33.4 18.29 16.16 25.95 20.72 
33.5 18.22 16.16 25.95 20.74 
33.6 18.56 16.16 25.97 20.74 
33.7 19.30 16.16 26.00 20.74 
33.8 18.42 16.15 26.00 20.76 
33.9 17.42 16.14 25.98 20.77 
34.0 17.28 16.15 26.00 20.77 
34.1 16.92 16.14 26.04 20.80 
34.2 17.49 16.17 26.10 20.82 
34.3 17.04 16.17 26.08 20.84 
34.4 16.79 16.14 26.08 20.85 
34.5 17.42 16.17 26.13 20.85 
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34.6 17.71 16.16 26.16 20.87 
34.7 18.60 16.19 26.16 20.85 
34.8 17.79 16.15 26.13 20.85 
34.9 18.27 16.18 26.16 20.85 
35.0 16.88 16.18 26.09 20.84 
35.1 16.75 16.19 26.08 20.84 
35.2 16.91 16.16 26.12 20.84 
35.3 17.26 16.17 26.12 20.84 
35.4 17.13 16.16 26.14 20.85 
35.5 17.61 16.17 26.17 20.86 
35.6 16.78 16.20 26.13 20.86 
35.7 16.69 16.19 26.13 20.87 
35.8 17.10 16.17 26.16 20.87 
35.9 17.31 16.19 26.17 20.86 
36.0 17.29 16.16 26.17 20.87 
36.1 16.58 16.19 26.12 20.88 
36.2 16.39 16.18 26.12 20.87 
36.3 16.83 16.18 26.15 20.87 
36.4 16.67 16.19 26.17 20.87 
36.5 17.27 16.20 26.17 20.87 
36.6 16.38 16.17 26.16 20.89 
36.7 17.44 16.17 26.20 20.89 
36.8 17.30 16.17 26.19 20.89 
36.9 17.19 16.17 26.17 20.88 
37.0 15.86 16.20 26.13 20.90 
37.1 16.22 16.21 26.13 20.89 
37.2 16.08 16.15 26.17 20.90 
37.3 17.00 16.18 26.19 20.91 
37.4 15.98 16.20 26.18 20.92 
37.5 15.31 16.18 26.16 20.93 
37.6 16.35 16.21 26.22 20.93 
37.7 16.54 16.24 26.21 20.94 
37.8 16.26 16.22 26.19 20.93 
37.9 15.87 16.22 26.19 20.93 
38.0 15.98 16.21 26.21 20.93 
38.1 16.65 16.21 26.22 20.94 
38.2 16.55 16.18 26.21 20.94 
38.3 16.54 16.21 26.20 20.94 
38.4 15.71 16.18 26.18 20.94 
38.5 16.39 16.18 26.23 20.95 
38.6 16.66 16.20 26.23 20.95 
38.7 16.79 16.16 26.25 20.96 
38.8 16.38 16.20 26.24 20.97 
38.9 16.81 16.19 26.27 20.97 
39.0 16.34 16.21 26.25 20.98 
39.1 16.19 16.20 26.25 20.98 
39.2 16.49 16.17 26.28 20.99 
39.3 16.90 16.20 26.29 21.00 
39.4 16.99 16.18 26.27 20.99 
39.5 17.43 16.12 26.28 20.99 
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39.6 17.39 16.19 26.30 20.99 
39.7 17.20 16.16 26.28 20.98 
39.8 17.94 16.18 26.28 20.98 
39.9 17.07 16.17 26.27 20.99 
40.0 16.38 16.17 26.26 20.99 
40.1 16.17 16.18 26.26 20.99 
40.2 16.11 16.19 26.26 21.01 
40.3 16.20 16.20 26.30 21.02 
40.4 15.55 16.15 26.29 21.02 
40.5 15.61 16.17 26.30 21.03 
40.6 16.07 16.15 26.31 21.04 
40.7 15.69 16.19 26.30 21.04 
40.8 15.47 16.17 26.29 21.04 
40.9 15.93 16.16 26.31 21.04 
41.0 14.24 16.14 26.29 21.05 
41.1 15.36 16.16 26.33 21.06 
41.2 15.21 16.18 26.34 21.07 
41.3 14.60 16.14 26.31 21.06 
41.4 15.41 16.16 26.33 21.07 
41.5 15.29 16.18 26.32 21.07 
41.6 16.01 16.16 26.34 21.06 
41.7 15.86 16.17 26.32 21.05 
41.8 15.38 16.13 26.34 21.07 
41.9 15.38 16.15 26.34 21.07 
42.0 14.77 16.15 26.31 21.07 
42.1 14.12 16.13 26.29 21.06 
42.2 14.69 16.16 26.32 21.07 
42.3 14.30 16.15 26.33 21.08 
42.4 14.36 16.13 26.33 21.10 
42.5 14.66 16.18 26.35 21.09 
42.6 14.76 16.11 26.35 21.08 
42.7 15.06 16.10 26.36 21.10 
42.8 15.50 16.14 26.37 21.09 
42.9 15.74 16.13 26.36 21.08 
43.0 16.16 16.16 26.37 21.09 
43.1 16.11 16.14 26.34 21.07 
43.2 16.00 16.18 26.36 21.08 
43.3 15.57 16.15 26.32 21.07 
43.4 15.31 16.13 26.33 21.06 
43.5 15.45 16.13 26.33 21.07 
43.6 15.99 16.12 26.35 21.08 
43.7 15.92 16.15 26.36 21.09 
43.8 16.00 16.16 26.37 21.09 
43.9 15.47 16.12 26.36 21.09 
44.0 15.85 16.12 26.37 21.09 
44.1 16.19 16.16 26.38 21.10 
44.2 15.83 16.13 26.38 21.10 
44.3 15.60 16.13 26.37 21.10 
44.4 15.45 16.14 26.36 21.09 
44.5 15.55 16.12 26.37 21.10 
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44.6 14.88 16.12 26.36 21.11 
44.7 15.31 16.12 26.39 21.11 
44.8 14.68 16.13 26.37 21.13 
44.9 14.65 16.14 26.38 21.12 
45.0 14.37 16.13 26.37 21.13 
45.1 15.07 16.14 26.39 21.13 
45.2 14.63 16.09 26.39 21.13 
45.3 15.58 16.10 26.39 21.13 
45.4 14.64 16.11 26.33 21.11 
45.5 15.26 16.14 26.36 21.11 
45.6 15.52 16.13 26.37 21.11 
45.7 15.18 16.14 26.37 21.11 
45.8 15.83 16.14 26.39 21.12 
45.9 15.03 16.15 26.35 21.11 
46.0 16.16 16.15 26.38 21.10 
46.1 15.41 16.15 26.32 21.07 
46.2 15.74 16.14 26.32 21.07 
46.3 16.69 16.13 26.34 21.08 
46.4 16.15 16.15 26.34 21.07 
46.5 15.47 16.18 26.26 21.05 
46.6 15.46 16.14 26.28 21.05 
46.7 16.05 16.19 26.28 21.05 
46.8 16.14 16.19 26.28 21.04 
46.9 16.29 16.18 26.28 21.04 
47.0 16.13 16.20 26.29 21.03 
47.1 16.23 16.19 26.29 21.05 
47.2 17.03 16.17 26.30 21.04 
47.3 18.32 16.18 26.37 21.06 
47.4 17.22 16.19 26.30 21.04 
47.5 18.28 16.18 26.33 21.04 
47.6 17.64 16.22 26.31 21.04 
47.7 16.90 16.19 26.31 21.05 
47.8 16.69 16.19 26.32 21.10 
47.9 17.00 16.18 26.38 21.10 
48.0 16.98 16.20 26.38 21.12 
48.1 17.63 16.23 26.43 21.13 
48.2 16.72 16.14 26.42 21.13 
48.3 17.17 16.13 26.41 21.12 
48.4 15.96 16.14 26.37 21.13 
48.5 17.67 16.16 26.48 21.15 
48.6 17.34 16.13 26.50 21.19 
48.7 16.30 16.13 26.48 21.20 
48.8 17.59 16.17 26.53 21.23 
48.9 16.41 16.16 26.49 21.23 
49.0 15.44 16.12 26.43 21.22 
49.1 16.43 16.15 26.48 21.21 
49.2 16.10 16.15 26.47 21.22 
49.3 16.05 16.16 26.46 21.21 
49.4 16.63 16.16 26.47 21.20 
49.5 17.21 16.17 26.49 21.21 
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49.6 18.04 16.13 26.48 21.18 
49.7 16.11 16.17 26.37 21.15 
49.8 17.88 16.17 26.45 21.15 
49.9 16.49 16.13 26.38 21.15 
50.0 18.74 16.11 26.45 21.13 
50.1 16.74 16.16 26.37 21.13 
50.2 16.70 16.18 26.43 21.15 
50.3 16.59 16.18 26.45 21.19 
50.4 17.87 16.15 26.52 21.20 
50.5 17.51 16.15 26.47 21.18 

Table A.2 : Calculated values by Plaxis 3D Geothermics Beta Version 

   Single Layer   3 Layers 
Time Tout Grout Energy Bottom Top Tout 
hours °C °C kWh °C °C °C 
0.0 13.70 11.95 0.00 0.00 11.10 13.80 
0.2 13.70 11.95 -1.18 13.00 11.09 13.82 
0.4 14.89 12.74 -2.20 13.00 11.09 15.21 
0.7 15.69 13.46 -3.24 12.99 11.09 16.15 
0.9 16.29 14.10 -4.25 12.99 11.09 16.81 
1.1 16.78 14.64 -5.23 12.99 11.09 17.33 
1.3 17.19 15.11 -6.20 12.99 11.09 17.73 
1.5 17.55 15.52 -7.15 12.99 11.09 18.06 
1.7 17.86 15.86 -8.07 13.00 11.09 18.32 
2.0 18.10 16.16 -8.97 13.00 11.09 18.52 
2.2 18.32 16.40 -9.85 13.00 11.09 18.69 
2.4 18.52 16.63 -10.79 13.00 11.10 18.84 
2.6 18.71 16.82 -11.67 13.00 11.10 18.99 
2.8 18.85 16.98 -12.52 13.00 11.10 19.10 
3.1 18.99 17.12 -13.38 13.01 11.10 19.20 
3.3 19.14 17.26 -14.25 13.01 11.10 19.32 
3.5 19.27 17.38 -15.12 13.01 11.10 19.43 
3.7 19.39 17.49 -15.99 13.01 11.11 19.53 
3.9 19.50 17.60 -16.85 13.01 11.11 19.62 
4.2 19.61 17.70 -17.80 13.02 11.11 19.72 
4.4 19.72 17.80 -18.75 13.02 11.11 19.82 
4.6 19.81 17.88 -19.63 13.02 11.11 19.89 
4.9 19.88 17.96 -20.63 13.02 11.12 19.95 
5.1 19.93 18.02 -21.49 13.02 11.12 19.99 
5.3 19.99 18.07 -22.36 13.03 11.12 20.04 
5.5 20.05 18.12 -23.24 13.03 11.12 20.09 
5.7 20.11 18.18 -24.18 13.03 11.12 20.15 
6.0 20.17 18.23 -25.12 13.03 11.13 20.19 
6.2 20.21 18.27 -26.00 13.03 11.13 20.23 
6.4 20.25 18.31 -26.94 13.03 11.13 20.26 
6.7 20.29 18.35 -27.95 13.04 11.13 20.30 
6.9 20.32 18.38 -28.82 13.04 11.13 20.33 
7.1 20.35 18.41 -29.77 13.04 11.14 20.35 
7.3 20.38 18.43 -30.64 13.04 11.14 20.38 
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7.6 20.41 18.46 -31.59 13.05 11.14 20.40 
7.8 20.43 18.48 -32.46 13.05 11.14 20.42 
8.0 20.46 18.50 -33.41 13.05 11.15 20.45 
8.2 20.49 18.52 -34.29 13.05 11.15 20.47 
8.5 20.51 18.55 -35.18 13.05 11.15 20.50 
8.7 20.54 18.57 -36.06 13.05 11.15 20.52 
9.0 20.57 18.60 -37.42 13.06 11.15 20.55 
9.2 20.60 18.62 -38.31 13.06 11.16 20.58 
9.4 20.61 18.63 -39.20 13.06 11.16 20.59 
9.7 20.64 18.65 -40.09 13.06 11.16 20.61 
9.9 20.64 18.66 -40.97 13.07 11.16 20.62 
10.1 20.67 18.68 -41.94 13.07 11.16 20.65 
10.3 20.70 18.71 -42.84 13.07 11.17 20.68 
10.5 20.74 18.73 -43.75 13.07 11.17 20.72 
10.8 20.78 18.76 -44.66 13.07 11.17 20.76 
11.0 20.82 18.79 -45.65 13.07 11.17 20.80 
11.2 20.84 18.81 -46.57 13.08 11.18 20.83 
11.4 20.85 18.83 -47.47 13.08 11.18 20.83 
11.7 20.87 18.84 -48.45 13.08 11.18 20.85 
11.9 20.88 18.86 -49.43 13.08 11.18 20.86 
12.1 20.89 18.87 -50.41 13.08 11.18 20.87 
12.4 20.92 18.89 -51.46 13.09 11.19 20.89 
12.6 20.93 18.90 -52.37 13.09 11.19 20.91 
12.8 20.95 18.91 -53.29 13.09 11.19 20.92 
13.0 20.96 18.93 -54.20 13.09 11.19 20.93 
13.3 20.98 18.94 -55.19 13.09 11.19 20.95 
13.5 21.01 18.96 -56.11 13.09 11.20 20.98 
13.7 21.04 18.98 -57.11 13.10 11.20 21.01 
13.9 21.07 19.00 -58.12 13.10 11.20 21.04 
14.2 21.08 19.02 -59.05 13.10 11.20 21.06 
14.4 21.08 19.03 -59.96 13.10 11.20 21.05 
14.6 21.08 19.03 -60.95 13.10 11.21 21.05 
14.8 21.10 19.04 -61.87 13.11 11.21 21.07 
15.0 21.11 19.06 -62.80 13.11 11.21 21.08 
15.3 21.13 19.07 -63.73 13.11 11.21 21.10 
15.5 21.15 19.08 -64.73 13.11 11.21 21.12 
15.7 21.17 19.10 -65.67 13.11 11.22 21.14 
15.9 21.19 19.11 -66.67 13.11 11.22 21.16 
16.2 21.20 19.12 -67.61 13.12 11.22 21.17 
16.4 21.22 19.14 -68.69 13.12 11.22 21.19 
16.6 21.24 19.16 -69.63 13.12 11.22 21.21 
16.9 21.27 19.17 -70.65 13.12 11.23 21.24 
17.1 21.29 19.19 -71.60 13.12 11.23 21.26 
17.3 21.31 19.21 -72.55 13.12 11.23 21.28 
17.5 21.33 19.22 -73.64 13.13 11.23 21.30 
17.8 21.33 19.24 -74.80 13.13 11.23 21.30 
18.1 21.34 19.25 -75.96 13.13 11.24 21.31 
18.3 21.35 19.25 -76.97 13.13 11.24 21.32 
18.6 21.37 19.27 -78.07 13.13 11.24 21.34 
18.8 21.40 19.28 -79.02 13.14 11.24 21.37 
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19.0 21.42 19.30 -80.20 13.14 11.24 21.39 
19.3 21.44 19.32 -81.16 13.14 11.25 21.41 
19.5 21.44 19.33 -82.11 13.14 11.25 21.41 
19.7 21.43 19.33 -83.04 13.14 11.25 21.40 
19.9 21.46 19.34 -84.01 13.14 11.25 21.42 
20.1 21.49 19.36 -84.97 13.15 11.25 21.46 
20.3 21.50 19.37 -85.93 13.15 11.26 21.47 
20.6 21.52 19.38 -86.90 13.15 11.26 21.49 
20.8 21.52 19.39 -87.85 13.15 11.26 21.49 
21.0 21.54 19.40 -88.81 13.15 11.26 21.50 
21.2 21.55 19.42 -89.78 13.15 11.26 21.52 
21.4 21.55 19.42 -90.73 13.16 11.26 21.52 
21.6 21.55 19.43 -91.69 13.16 11.27 21.52 
21.9 21.57 19.43 -92.72 13.16 11.27 21.53 
22.1 21.57 19.44 -93.68 13.16 11.27 21.54 
22.3 21.58 19.45 -94.64 13.16 11.27 21.54 
22.5 21.58 19.45 -95.59 13.16 11.27 21.54 
22.7 21.58 19.45 -96.55 13.16 11.28 21.54 
23.0 21.57 19.45 -97.49 13.17 11.28 21.53 
23.2 21.59 19.46 -98.46 13.17 11.28 21.55 
23.4 21.60 19.47 -99.42 13.17 11.28 21.56 
23.6 21.60 19.47 -100.38 13.17 11.28 21.56 
23.8 21.61 19.48 -101.34 13.17 11.28 21.57 
24.0 21.63 19.49 -102.31 13.17 11.29 21.59 
24.3 21.62 19.49 -103.26 13.17 11.29 21.58 
24.5 21.65 19.50 -104.24 13.18 11.29 21.61 
24.7 21.63 19.50 -105.18 13.18 11.29 21.59 
24.9 21.65 19.51 -106.15 13.18 11.29 21.61 
25.1 21.67 19.52 -107.13 13.18 11.29 21.63 
25.3 21.69 19.53 -108.10 13.18 11.30 21.66 
25.6 21.69 19.54 -109.07 13.18 11.30 21.66 
25.8 21.68 19.54 -110.10 13.18 11.30 21.64 
26.0 21.66 19.53 -111.04 13.19 11.30 21.62 
26.2 21.66 19.53 -112.00 13.19 11.30 21.62 
26.4 21.68 19.54 -112.97 13.19 11.30 21.64 
26.7 21.68 19.54 -113.93 13.19 11.31 21.64 
26.9 21.71 19.55 -114.91 13.19 11.31 21.67 
27.1 21.73 19.57 -115.88 13.19 11.31 21.69 
27.3 21.74 19.58 -117.00 13.19 11.31 21.70 
27.6 21.77 19.59 -117.99 13.20 11.31 21.73 
27.8 21.80 19.61 -119.21 13.20 11.32 21.77 
28.0 21.81 19.63 -120.19 13.20 11.32 21.78 
28.3 21.80 19.63 -121.16 13.20 11.32 21.77 
28.5 21.82 19.64 -122.14 13.20 11.32 21.78 
28.7 21.82 19.65 -123.12 13.20 11.32 21.79 
28.9 21.83 19.65 -124.10 13.20 11.32 21.79 
29.1 21.83 19.66 -125.07 13.21 11.32 21.79 
29.3 21.82 19.66 -126.04 13.21 11.33 21.78 
29.6 21.80 19.65 -127.07 13.21 11.33 21.76 
29.8 21.79 19.65 -128.03 13.21 11.33 21.75 
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30.0 21.80 19.65 -129.00 13.21 11.33 21.76 
30.2 21.82 19.65 -129.98 13.21 11.33 21.77 
30.4 21.82 19.66 -130.95 13.21 11.33 21.78 
30.7 21.83 19.66 -131.92 13.22 11.34 21.78 
30.9 21.82 19.66 -132.89 13.22 11.34 21.77 
31.1 21.82 19.66 -133.86 13.22 11.34 21.77 
31.3 21.82 19.66 -134.90 13.22 11.34 21.78 
31.5 21.82 19.66 -135.86 13.22 11.34 21.77 
31.8 21.83 19.66 -136.84 13.22 11.34 21.79 
32.0 21.85 19.67 -137.82 13.22 11.35 21.80 
32.2 21.85 19.68 -138.79 13.22 11.35 21.81 
32.4 21.85 19.68 -139.77 13.23 11.35 21.81 
32.6 21.86 19.68 -140.74 13.23 11.35 21.82 
32.8 21.87 19.69 -141.72 13.23 11.35 21.83 
33.1 21.86 19.69 -142.69 13.23 11.35 21.82 
33.3 21.90 19.71 -143.68 13.23 11.35 21.86 
33.5 21.91 19.72 -144.67 13.23 11.36 21.88 
33.7 21.92 19.73 -145.66 13.23 11.36 21.89 
33.9 21.95 19.75 -146.66 13.23 11.36 21.92 
34.2 21.96 19.76 -147.72 13.24 11.36 21.93 
34.4 21.99 19.78 -148.72 13.24 11.36 21.95 
34.6 22.00 19.79 -149.72 13.24 11.36 21.97 
34.8 22.05 19.82 -150.89 13.24 11.37 22.02 
35.1 22.07 19.84 -151.90 13.24 11.37 22.04 
35.3 22.06 19.84 -152.89 13.24 11.37 22.04 
35.5 22.07 19.85 -153.89 13.24 11.37 22.04 
35.7 22.08 19.86 -154.89 13.25 11.37 22.05 
35.9 22.09 19.87 -155.89 13.25 11.37 22.06 
36.2 22.11 19.88 -157.05 13.25 11.37 22.07 
36.4 22.11 19.89 -158.13 13.25 11.38 22.08 
36.6 22.12 19.90 -159.13 13.25 11.38 22.08 
36.8 22.12 19.90 -160.12 13.25 11.38 22.08 
37.1 22.13 19.91 -161.12 13.25 11.38 22.09 
37.3 22.13 19.91 -162.12 13.25 11.38 22.09 
37.5 22.12 19.91 -163.19 13.26 11.38 22.08 
37.7 22.13 19.91 -164.18 13.26 11.39 22.09 
37.9 22.14 19.92 -165.19 13.26 11.39 22.10 
38.2 22.15 19.92 -166.19 13.26 11.39 22.11 
38.4 22.16 19.93 -167.19 13.26 11.39 22.12 
38.6 22.15 19.93 -168.18 13.26 11.39 22.11 
38.8 22.15 19.93 -169.25 13.26 11.39 22.11 
39.1 22.16 19.94 -170.49 13.26 11.39 22.12 
39.3 22.18 19.95 -171.57 13.26 11.40 22.14 
39.6 22.19 19.96 -172.66 13.27 11.40 22.16 
39.8 22.20 19.97 -173.74 13.27 11.40 22.17 
40.2 22.22 19.98 -175.52 13.27 11.40 22.18 
40.4 22.22 19.98 -176.53 13.27 11.40 22.18 
40.6 22.22 19.99 -177.61 13.27 11.40 22.18 
40.8 22.23 19.99 -178.61 13.27 11.41 22.19 
41.1 22.23 20.00 -179.69 13.27 11.41 22.19 
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41.3 22.24 20.00 -180.78 13.28 11.41 22.20 
41.5 22.25 20.01 -181.79 13.28 11.41 22.21 
41.8 22.25 20.01 -183.02 13.28 11.41 22.21 
42.0 22.25 20.01 -184.02 13.28 11.41 22.21 
42.2 22.25 20.01 -185.10 13.28 11.42 22.21 
42.5 22.25 20.02 -186.11 13.28 11.42 22.21 
42.7 22.26 20.02 -187.11 13.28 11.42 22.22 
42.9 22.27 20.03 -188.35 13.28 11.42 22.23 
43.2 22.27 20.03 -189.36 13.29 11.42 22.23 
43.4 22.28 20.03 -190.37 13.29 11.42 22.24 
43.6 22.27 20.03 -191.37 13.29 11.42 22.23 
43.8 22.27 20.04 -192.53 13.29 11.43 22.23 
44.1 22.28 20.04 -193.53 13.29 11.43 22.24 
44.3 22.29 20.05 -194.55 13.29 11.43 22.25 
44.5 22.29 20.05 -195.55 13.29 11.43 22.25 
44.7 22.29 20.05 -196.71 13.29 11.43 22.25 
45.0 22.30 20.05 -197.72 13.29 11.43 22.26 
45.2 22.30 20.06 -198.72 13.30 11.43 22.26 
45.4 22.30 20.06 -199.73 13.30 11.44 22.26 
45.6 22.30 20.06 -200.74 13.30 11.44 22.26 
45.8 22.30 20.06 -201.81 13.30 11.44 22.26 
46.1 22.30 20.06 -202.82 13.30 11.44 22.26 
46.3 22.29 20.06 -203.82 13.30 11.44 22.25 
46.5 22.27 20.05 -205.03 13.30 11.44 22.22 
46.8 22.26 20.04 -206.02 13.30 11.44 22.21 
47.0 22.27 20.04 -207.02 13.30 11.44 22.22 
47.2 22.26 20.04 -208.02 13.31 11.45 22.22 
47.4 22.27 20.04 -209.10 13.31 11.45 22.22 
47.6 22.26 20.03 -210.09 13.31 11.45 22.22 
47.9 22.26 20.03 -211.08 13.31 11.45 22.21 
48.1 22.27 20.04 -212.09 13.31 11.45 22.23 
48.3 22.30 20.05 -213.11 13.31 11.45 22.25 
48.5 22.30 20.05 -214.11 13.31 11.45 22.26 
48.7 22.33 20.07 -215.14 13.31 11.46 22.30 
48.9 22.35 20.08 -216.15 13.31 11.46 22.32 
49.2 22.36 20.09 -217.17 13.32 11.46 22.33 
49.4 22.37 20.10 -218.19 13.32 11.46 22.34 
49.6 22.36 20.11 -219.19 13.32 11.46 22.33 
49.8 22.36 20.11 -220.20 13.32 11.46 22.33 
50.0 22.36 20.11 -221.21 13.32 11.46 22.33 
50.2 22.36 20.11 -222.22 13.32 11.46 22.33 
50.5 22.36 20.12 -223.31 13.32 11.47 22.33 
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Table A.3 : Thermal conductivity of the some soils. [47] 

Soil Type  Thermal Conductivity (W/m.K) 
 Recommended Minimum Maximum 

Air (0-20 °C) 0.02 0.02 0.03 
Amphibolite 2.90 2.14 3.55 
Andesite 2.20 1.73 2.22 
Anhydrite 4.10 1.52 7.75 
Aplite 3.10 2.64 3.94 
Arkose 2.90 2.54 3.73 
Basalt 1.70 1.33 2.29 
Bentonite (12 %) 0.70     
Bentonite/Sand (12 % / 15 %) 1.50     
Breccia 2.80 2.26 4.11 
Clay, dry 0.40 0.40 0.90 
Clay, moist - wet 1.60 0.90 2.22 
Claystone 2.20 1.05 3.02 
Coal 0.30 0.26 0.63 
Concrete 1.60 0.92 2.02 
Conglomerate 2.80 1.35 3.70 
Diorite 2.60 1.97 2.87 
Dolomite 3.20 2.83 4.34 
Dunite 4.20 3.98 4.73 
Eclogite 2.90 2.32 4.19 
Gabbro 1.90 1.72 2.53 
Gnesis 2.90 1.89 3.95 
Granite 3.40 2.10 4.07 
Granodiorite 3.30 2.03 3.34 
Gravel, dry 0.40 0.39 0.52 
Gravel, saturated 1.80     
Gypsum 1.60 1.29 2.80 
Gyttja (Sapropel) 0.60 0.50 0.80 
Ice at -10 °C - 0 °C 2.20 2.20 2.32 
Ignimbrite 3.00 2.39 4.07 
Lamprophyre 2.60 2.43 3.41 
Limestone, massive 2.80 2.46 3.93 
Limestone, marly 2.20 1.96 2.78 
Limestone, oolitic 2.40 2.12 3.36 
Marble 2.60 1.28 3.08 
Marl 2.10 1.75 3.46 
Marl, clayey/argillaceous 2.00 1.49 2.52 
Marl, dolomitic 2.20 1.89 3.90 
Mataquartzite 5.80 5.86 5.86 
Micashist 2.00 1.51 3.14 
Peat 0.40 0.20 0.70 
Pegmatite 3.00 2.89 3.31 
Peridotite 4.00 3.79 5.27 
Quartzite 6.00 3.60 6.62 
Rhyolite 3.30 3.06 3.37 
Salt 5.40 5.28 6.38 
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Sand, dry 0.40 0.27 0.75 
Sand, dry, compacted 1.20 1.11 1.25 
Sand, moist 1.00 0.58 1.75 
Sand, saturated 2.40 1.73 5.02 
Sand, frozen 2.00 1.25 2.94 
Sandstone 2.30 1.28 5.10 
Serpentinite 3.00 2.30 4.31 
Shale 2.10 1.50 2.60 
Silt, dry 0.40 0.38 1.00 
Silt, moist - wet 1.80 1.00 2.30 
Siltstone 2.40 1.31 3.52 
Syenite 2.60 1.70 3.48 
Till (boulder clay, moraine) 2.00 1.00 2.50 
Tonalite 2.70 2.20 4.07 
Trachyte 2.80 2.25 3.55 
Tuff 1.10 1.12 1.12 
Water at 0 - 10 C 0.60 0.56 0.59 

Table A.4 : Refrigerant properties for water [47] 

Temperature Thermal 
Conductivity 

Specific Heat 
Capacity 

Density Viscosity

 °C W/(m.K) J/(kg.K) kg/m3 kg/(m.s) 
0 0.562 4217 999.8 0.001791
5 0.572 4202 1000 0.001520
10 0.582 4192 999.8 0.001308
15 0.591 4186 999.2 0.001139
20 0.600 4182 998.3 0.001003
25 0.608 4180 997.2 0.000891
30 0.615 4178 995.8 0.000798
35 0.622 4178 994.1 0.000720
40 0.629 4179 992.3 0.000653
45 0.635 4180 990.3 0.000596
50 0.640 4181 988.1 0.000547
55 0.646 4183 985.7 0.000504
60 0.651 4185 983.2 0.000466
65 0.655 4187 980.5 0.000434
70 0.660 4190 977.7 0.000405
75 0.663 4193 974.7 0.000378
80 0.667 4196 971.4 0.000355
85 0.670 4200 968.5 0.000334
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Table A.5 : Properties of other refrigerants [47] 

Refrigerant Temperature Thermal 
Conductivity 

Specific Heat 
Capacity 

Density Viscosity

  °C W/(m.K) J/(kg.K) kg/m3 kg/(m.s) 
Monoethylenglycole 20% 0.51 3890 1040 0.005 

 25 %  -14 °C  0.480 3795 1052 0.0052 
 33 %  -21 °C 0.453 3565 1068 0.0076 

Monopropylenglycole 25 %  -10 °C 0.475 3930 1033 0.0079 
 33 %  -17 °C 0.450 3725 1042 0.0112 

Methanole 25 %  -20 °C 0.450 4000 960 0.0040 
Ethanol 25 %  -15 °C 0.440 4250 960 0.0076 

Potassium Carbonate 25 %  -13 °C 0.534 3080 1247 0.0039 
 33 %  -20 °C 0.524 2830 1336 0.0056 

Calcium Chloride 20 %  -18 °C 0.530 3050 1195 0.0037 

Table A.6 : Thermal conductivity of fill materials [47] 

Soil Type  Thermal Conductivity (W/m.K) 
 Recommended Minimum Maximum 

Ice at -10 °C 2.30 2.32 2.32 
Ice at 0 °C 2.20 2.20 2.20 
Water at 0 °C 0.60 0.56 0.56 
Water at 10 °C 0.60 0.59 0.59 
Concrete 1.60 0.92 2.02 
Bentonite 10 %, in water 0.70 0.65 0.77 
Bentonite 10 %, frozen 1.40     
Bentonite 20 %, in water 0.60 0.64 0.66 
Bentonite 40 %, in water 0.60 0.53 0.82 
Bentonite 40 %, frozen 0.90     
Bent./Cem./Sand (8.5/13/26.5 %) 0.80     
Bent./Cem./Sand (9/9/20 %) 0.70     
Bent./Cem./Sand (9/9/27 %) 0.80     
Bent./Cem./Sand (9.5/9.5/15 %) 0.70     
Bentonite/Sand (12/50 %) 1.50     
Bentonite, dry 0.14     
Sand, frozen 2.00 1.25 2.94 
Sand, saturated 2.40 1.73 5.02 
Sand, moist 1.00 0.58 1.75 
Sand, dry, compacted 1.20 1.11 1.25 
Sand, dry 0.40 0.27 0.75 
Gravel, saturated 1.80     
Gravel, dry 0.40 0.39 0.52 
Silt, moist - wet 1.80 1.00 2.30 
Silt, dry 0.40 0.38 1.00 
Clay, moist - wet 1.60 0.90 2.22 
Clay, dry 0.40 0.40 0.90 
Thermal Grout 85 1.47     
Till 2.00 1.00 2.50 
Air (dry) at 0 °C 0.02     
Air (dry) at 20 °C 0.03     
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Table A.7 : Properties of pipe material [47] 

Type Diameter Wall 
Thickness 

Thermal 
Conductivity 

  (m) (m) W/(m.K) 
PE DN25 PN6 0.0250 0.0020 0.42 
PE DN32 PN6 0.0320 0.0020 0.42 
PE DN40 PN6 0.0400 0.0023 0.42 
PE DN50 PN6 0.0500 0.0029 0.42 
PE DN20 PN10 0.0200 0.0020 0.42 
PE DN25 PN10 0.0250 0.0023 0.42 
PE DN32 PN10 0.0320 0.0030 0.42 
PE DN40 PN10 0.0400 0.0037 0.42 
PE DN50 PN10 0.0500 0.0046 0.42 
PE DN63 PN10 0.0630 0.0058 0.42 
PE DN75 PN10 0.0750 0.0069 0.42 
PE DN90 PN10 0.0900 0.0082 0.42 

Table A.8 : Surface ground temperature for different locations in the world [47] 

Country - City Temperature (C) 
AUSTRIA  
Bregenz 9.5 
Eisenstadt 10.4 
Graz 9.5 
Innsbruck 9.4 
Linz 9.5 
Klagenfurt 8.1 
Obergurgl 2.8 
Salzburg 9.0 
St.Poelten 9.4 
Wien 11.6 
BELGIUM  
Antwerp 9.6 
Brussels 9.7 
Gent 9.5 
Spa 7.4 
St.Hubert 6.8 
BULGARIA  
Sofia 10.4 
Varna 12.1 
CROATIA  
Zagreb 11.3 
Split 15.9 
CZECH REPUBLIC  
Brno 8.7 
Prague 7.8 
Ostrava 8.2 
DENMARK  
Aalborg 7.5 
Copenhagen 8.6 
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Roenne/Bornh. 8.3 
Thorshavn/Faer. 6.5 
ESTONIA  
Tallinn 5.2 
Tartu 4.8 
FINLAND  
Jyvaeskylae 2.6 
Helsinki 5.6 
Lappeenranta 3.6 
Oulu 2.0 
Sodankylae -1.0 
Turku 4.8 
FRANCE  
Ajaccio(Corse) 14.8 
Bordeaux 12.4 
Brest 10.9 
Clermont-Ferr.  
Lille 9.9 
Marseille 14.8 
Montpellier 13.9 
Lyon 11.9 
Nantes 11.2 
Nice 15.0 
Paris 12.1 
Strasbourg 10.0 
Toulouse 12.6 
Tours 11.2 
GERMANY  
Aachen 9.7 
Ansbach 8.3 
Augsburg 8.3 
Bamberg 8.5 
Berlin 9.0 
Bochum 10.0 
Braunlage(Harz) 5.9 
Bremen 8.8 
Chemnitz 7.9 
Cottbus 8.9 
Darmstadt 10.0 
Donaueschingen 7.0 
Dortmund 9.6 
Dresden 8.9 
Dusseldorf 10.3 
Emden 9.0 
Erfurt 7.9 
Essen 9.6 
Feldberg(Schw.) 3.3 
Feldberg(Ts.) 5.6 
Fichtelb.(Erz.) 2.9 
Flensburg 8.2 
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Frankfurt/Main 9.7 
Frankfurt/Oder 8.7 
Freiberg 7.7 
Freiburg Brsg. 10.4 
Fulda 8.0 
Garmisch-P. 6.5 
Giessen 9.0 
Goerlitz 8.2 
Guetersloh 9.2 
Halle/Saale 9.7 
Hamburg 8.9 
Hannover 8.9 
Heide/Holst. 8.3 
Hof 6.9 
Jena 9.3 
Kaiserslautern 9.4 
Karlsruhe 10.3 
Kassel 8.5 
Kiel 8.4 
Koln 10.4 
Konstanz 9.0 
Leipzig 8.8 
Magdeburg 8.7 
Mannheim 10.2 
Muenchen 8.0 
Muenster 9.2 
Neubrandenburg 7.9 
Norderney 9.0 
Nurnberg 8.7 
Oberstdorf 6.1 
Osnabruck 9.1 
Potsdam 8.7 
Regensburg 8.2 
Rendsburg 8.2 
Rosenheim 8.3 
Rostock 8.4 
Saarbrucken 9.0 
Schweinfurt 8.8 
Schwerin 8.4 
Stuttgart 9.1 
Trier 9.9 
Ulm 7.9 
Wurzburg 9.2 
Zugspitze -4.8 
GREECE  
Athens 17.7 
Iraklion 18.7 
Kalamata 17.8 
Kerkyra 17.5 
Larissa 15.7 
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Rhodes 19.0 
Thessaloniki 16.2 
HUNGARY  
Budapest 10.4 
Debrecen 9.9 
Gyoer 10.4 
Miskolc 9.2 
Pecs 10.4 
Szeged 10.4 
ICELAND  
Reykjavik 4.3 
IRELAND  
Cork 9.4 
Dublin 9.5 
Shannon 10.1 
ITALY  
Bari 15.7 
Bologna 13.4 
Bolzano 11.6 
Cagliari(Sard) 16.4 
Catania 17.9 
Cortina d´Amp. 6.6 
Firenze 14.8 
Geneva 15.4 
Milano 11.4 
Messina 18.2 
Napoli 15.5 
Palermo 18.5 
Roma 15.5 
Torino 12.6 
Trieste 14.2 
Venezia 12.7 
Volterra(Tusc) 14.0 
LATVIA  
Liepaja 6.7 
Riga 6.1 
LIECHTENSTEIN  
Vaduz 9.2 
LITHUANIA  
Kaunas 6.5 
Klaipeda 7.0 
Vilnius 6.0 
LUXEMBOURG  
Luxembourg 8.3 
MACEDONIA  
Bitola 11.0 
Skopje 11.3 
NETHERLANDS  
Amsterdam 9.8 
Eindhoven 9.9 
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Groningen 9.2 
Maastricht 9.5 
Rotterdam 10.0 
Utrecht 9.8 
NORWAY  
Bergen 7.7 
Bodoe 4.5 
Oslo 5.7 
Stavanger 7.3 
Tromsoe 2.5 
Trondheim 4.7 
Vardoe 1.3 
POLAND  
Bialystok 6.7 
Krakow 8.6 
Poznan 8.2 
Szczecin 8.4 
Warsaw 7.8 
Wroclaw 8.3 
PORTUGAL  
Faro 17.2 
Lisbon 16.8 
Porto 14.5 
ROMANIA  
Galati 10.5 
Bucharest 10.6 
Cluj 8.2 
Constanta 11.5 
Craiova 10.6 
Iasi 9.4 
Oradea 10.2 
Sibiu 8.5 
Timisoara 10.6 
SERBIA  
Belgrade 11.8 
SLOWAKIA  
Bratislava 9.9 
Kosice 9.0 
Poprad 5.8 
SLOWENIA  
Ljubljana 9.6 
SPAIN  
Alicante 17.9 
Almeria 18.5 
Barcelona 15.3 
Bilbao 14.0 
Cordoba 17.5 
La Coruna 14.1 
Madrid 13.9 
Malaga 18.0 
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Mallorca 15.8 
Murcia 18.0 
Santander 14.2 
Valladolid 12.0 
Zaragoza 14.6 
SWEDEN  
Falun 5.5 
Goteborg 7.1 
Jonkoping 5.3 
Kiruna 2.0 
Lulea 3.6 
Malmo 8.0 
Östersund 3.5 
Stockholm 6.6 
Sundsvall 5.0 
Umea 4.5 
Visby(Gotland) 6.8 
SWITZERLAND  
Aigle 9.1 
Basel 9.6 
Bellinzona 10.6 
Bern 8.2 
Chur 8.7 
Delemont 8.7 
Geneva 9.6 
Jungfraujoch -7.9 
LaChauxdeFond 5.8 
Lugano 11.6 
Luzern 8.8 
Schaffhausen 8.5 
St.Gallen 7.4 
St.Moritz 1.2 
Zermatt 3.5 
Zurich 8.5 
TURKEY  
Adana 18.0 
Ankara 11.7 
Istanbul 14.1 
Izmir 17.7 
UNITED KINGDOM  
Aberdeen 7.9 
Belfast 9.0 
Edinburgh 8.4 
London 9.5 
Manchester 9.4 
Newcastle-Tyne 8.8 
Plymouth 11.0 
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