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Abstract 

Nowadays, Ground Source Heat Pumps (GSHPs) are more frequently acting as a main 
or the only device covering the building heat/cool demand. The most efficient way to 
extract/dissipate the low-temperature heat from/to the ground is by means of Borehole 
Heat Exchanger (BHE). In this Master of Science Thesis various aspects related to this 
technology are studied, focused on summarizing the possibilities of installing this tech-
nology in Poland. Borehole drilling methods used in Poland and Sweden are analyzed 
and the most proper and economical ones according to Polish geological structure are 
proposed. Approximately for 80 % of Poland the ground should be penetrated with Mud 
Rotary Drilling, while for the rest 20 % DTH Air or Water driven hammer should be 
used. Solutions of Thermal Insulated Leg (TIL) Borehole Heat Exchanger cooperation 
with mechanical ventilation system are proposed and simple preliminary estimations 
show higher Coefficient of Performance (COP) in comparison to normal, common 
situation, where standard U-pipe BHE works. The possibility of using a new product 
(Energy Capsule - EC) in Polish conditions is surveyed, found hard to prosper at Polish 
market according to its high costs. Profitability of Ground Source Heat Pumps with 
Borehole Heat Exchanger in different geological regions of Poland is investigated. After 
conducted simulations it occurred that Polish lowland regions are cheaper in exploita-
tion, while uplands regions are less expensive at investment level. Finally, the most ef-
ficient BHE conception from those currently available at market as well as recently in-
vented is suggested. Annular coaxial BHE in a form of Energy Capsule seems to be 
the most beneficial from all designs taken into account during performed simulations 
because of its low price and good thermal properties. 

Key words: Ground Source Heat Pumps, Borehole Heat Exchanger 
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Preface 

Borehole heat exchangers with a Ground Source Heat Pump (GSHP) create a modern, low – 
temperature (low – enthalpy) heating or cooling system, which amongst other possible methods of 
supplying residential buildings in heat and/or domestic hot water is an attractive solution.  

Ground source heat pumps in opposite to other conventional systems of heating and cooling 
may have little negative influence on the natural environment according to U.S. Environmental 
Protection Agency EPA (Brumbaugh, 2004) and they guarantee the best rationalization of energy 
consumption, providing it more than receiving from the electric grid. GSHPs are also characterized 
by the lowest value of annual exploitation costs in comparison to oil or gas boilers and electric heat-
ing. Additional advantage of ground source heat pumps is the possibility to cool a residential build-
ing in the summer season, which gives significant savings in comparison to more expensive air-
conditioning or mechanical ventilation systems (use of a passive, “natural” cooling in particular). 

The advantage of GSHPs with borehole heat exchanger above the rest types of heat pumps 
is mainly a result of higher COP achieved (i.e. their higher energy efficiency because of reaching 
higher annual average temperature in the vertical exchanger). But it isn’t the only positive aspect of 
systems based on mentioned solution. They are possible to install in nearly every place where the 
small free amount of ground area exists (advantage as compared to GSHPs with horizontal heat ex-
changer which need quite a considerable ground area and compared to water source heat pumps 
which need the presence of groundwater), they have lower exploitation costs (the advantage above 
air source heat pumps which are in low temperature seasons completely unprofitable) and they have 
smaller requirements concerning the way of maintenance and conservation (what in water source 
heat pumps because of a high destructive compounds content in the water is a relevant issue, thus 
cause that they are in practice inapplicable). Groundwater source heat pumps may, however, have 
higher COPs. 

Despite all above mentioned advantages of systems based on ground source heat pumps 
with borehole heat exchanger, these types of heat pumps are unfortunately rare in use in Poland in 
comparison to others European countries. In the past year of 2010 only about 3 000 of ground 

source heat pumps have been installed in Poland, giving the sum of   16 000 devices of this type 
working in the whole country.  

 

Figure P-1. Total number of GSHPs in Poland in years 1999-2010. Based on (Grochal et al, 2010) and (Smuczyńska, 
2011). 
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According to the market forecast tendency presented in Figure P-1 is not going to be 
changed, so that in 2011 approximate number of 3 500 GSHPs will be installed (Smuczyńska, 
2011). For a comparison purpose, a growing rate of GHSP installations in Sweden is about 30 000 
per year and today there are approximately 360 000 systems of this type installed there (Acuña, 
2010).  

The information above show how little has been done in the subject of GSHPs and heat 
pumps in general in Poland. Incomparably smaller interest is mainly caused by expensive installa-
tion costs which have to be considered during the purchase of the device as well as preparation of 
the heat source in a form of boreholes. These facts fortunately are changing since many manufac-
turers prospering at Polish market like Buderus, Danfoss, Dimplex, IVT Industrier, Ochsner or 
Viessmann continuously provide better and cheaper GSHPs with the latest technology. Also the 
drilling prizes are being reduced mostly to the use of more modern drilling machines, which allow 
deeper drilling in a one approach. Such machines are in many cases manufactured by Sandvik, 
MDT, MICON or EURODRILL and delivered to small drilling companies by contractors like i.eg. 
GEOD. Moreover, active members of Polish Heat Pumps Association (PSPC) established in 2002 
(Grochal B.J., Mikielewicz J.) and others Polish scientists working in the field of heat pumps 
(Oleśkowicz P. Cz. from Poznan University of Technology, Biernacka B. from Bialystok University 
of Technology) also have a positive influence on growing interest in GSHP technology. 

For a continuously evolving country like Poland, the first step on a path to further phase of 
development should be limitation of currently used energy as much as possible. Nowadays, the 
energy consumption in Poland per unit housing area is twice as big as in the others European coun-
tries having similar climate (ekoenergia.nazwa.pl). 

This thesis has a task to be a contribution brick which purpose it to even bigger increase of 
ground source heat pumps competitiveness and to convince Polish community to follow that noble 
tendency of investing in systems of renewable energy, taking for a model of imitation more ecologi-
cal aware European countries like Sweden. Thinking about health and clean environment should 
begin with a consideration, what can I do for it to help its later, ecological forming.  Renewable 
energy house heating and/or cooling system should be a number one in those types of considera-
tions. It should be moreover taken into account because of the fact that solution in a form of 
GSHPs with BHE is not worse in anything and it’s even better than others systems of cooling, 
heating and/or domestic hot water providing available at the market. 

 I also hope that this sequent work about the ground source heat pumps will convince Polish 
institutions and persons responsible for the national energy policy to introduce similar taxes reduc-
tions, cheaper energy tariffs, preferential credits and other methods of GSHP promotion as it has 
been done in some of the European countries (Switzerland, France), United States or Canada 
(ekoenergia.nazwa.pl). Presently, those methods nearly do not exist in Poland policy. In order to 
change previous way of thinking which was based on the short-term possibility to save at an in-
vestment level, it seems that the authorities’ contribution and their proper policy is a crucial matter. 

The thesis will consist of five main parts. First part is naturally going to be an introduction. 
Subsequent sections will focus on a cooperation of different systems of a house, drilling, geology 
and features of different ground types and a detailed analysis of different BHE designs, respectively. 

All parts of the thesis additionally should create something what will have a form of a hand-
book. The handbook would help every interested person to make an estimation of possible effec-
tiveness, costs and shape of the future ground source heat pump’s ground installation in a chosen 
Polish area, most connected to analyzed ones. Moreover, it will increase user’s/investor’s know-
ledge about GSHPs (especially about the cooling by a means of mentioned device, what in Poland 
is still a very uncommon situation), inform him/her about latest designs of BHEs as well as about 
the great benefits of heating/cooling and ventilation systems cooperation, encouraging to take an 
advantage from proposed modern solutions and designs.  
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Since I have a little bit of experience both in computer programming and GSHP with BHE 
subject, I hope that in the future I will replace and upgrade the current form of the MSc thesis to 
free, available for everyone simulation tool similar to Energy Earth Designer used in this thesis, but 
more convenient i.eg. by linking it with Google Maps (so that we just choose the location) and with 
National Geological Institutes (which would instantly provide the information about the specified 
country geology and hydrogeology, since those Institutes gives free access to their data) and with 
more available options like i.eg. possibility to investigate performances of connection GSHP with 
BHE, with some other systems (like ventilation, solar collectors etc.), what in overall aspect could 
be a good subject of PhD.  

Such an internet application would certainly have an impact on growing interest in GSHPs 
and will help to reduce the energy consumption not only in Poland, but as well as in other Euro-
pean countries. 
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A b b r e v i a t i o n s  a n d  N o m e n c l a t u r e  

     Borehole Heat Exchanger 

     Coefficient of Performance     

            Coefficient of Performance in heating mode     

               Coefficient of Performance of heat pump device alone in heating mode     

     Domestic Hot Water 

      Distributed Thermal Response Test 

    Energy Capsule (plastic hose used to seal a borehole) 

      Ground Source Heat Pumps 

    Heat Exchanger 

     Heat Recovery Unit 

     Thermal Insulated Leg 

     Thermal Response Test 

   acceleration due to gravity        

       air temperature in the room     

   borehole or pipe length     

     borehole radius     

     borehole wall temperature     

    condensing temperature     

    condensing temperature     

          contact thermal resistance         

   convective heat coefficient          

   delivery head of pump     

   density         

    evaporating temperature     

    evaporating temperature     

     exhaust air temperature     

    fluid to pipe resistance         
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   friction factor     

 
      

  ground density         

         ground heat capacity          

         ground radius at a given distance from the borehole center     

         ground thermal conductivity         

         ground thermal diffusivity        

         ground thermal resistance         

   heat flux (thermal power per unit area)      ] 

   heat transfer rate      

  
   heating performance      

   humidity [%] 

     inlet secondary fluid temperature     

     inlet water temperature     

       inner pipe diameter     

   integration variable [ ] 

    latent heat gain      

    mean fluid temperature     

         mean ground temperature     

    mean reference fluid temperature at cross section     

    mean specific heat  
  

   
  

       minimal air volume due to hygienic norms        

      outdoor air temperature     

      outer pipe radius     

     outlet secondary fluid temperature     

     outlet water temperature     

               output of cooling unit      

               output of heating unit      
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     outside temperature of the surrounding environment     

    overall compressor efficiency     

    overall (total) thermal resistance         

   overall heat transfer coefficient          

     overall thermal resistance of filling material         

       internal pipe radius     

       pipe thermal conductivity         

       pipe wall resistance         

   power      

          radius of surface at which contact thermal resistance takes place     

  
   refrigerating capacity      

    Reynolds number     

    sensible heat gain      

    supply air temperature     

    temperature difference     

   temperature in     

   temperature in     

      temperature of internal borehole pipe surface     

     temperature of the house     

     thermal conductivity of filling material         

      thermal conductivity of material filling possible gap         

    thermal power per unit length       

      thermal resistance of filling material itself         

    volumetric flow        

     width of filling material     

      width of the gap     
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Objectives 

The general objective is to evaluate the know-how about Ground Source Heat Pumps with 
Borehole Heat Exchanger and suggest it to the Polish conditions considering the latest innovation. 
Reaching the general goal will make GSHP more appealing and competitive in comparison to con-
ventional heating/cooling systems which are nowadays used in Poland. 

Specific objectives: 

1. suggest possible savings during the cooperation of Ground Source Heat Pump with Ther-
mal Insulated Leg Borehole Heat Exchanger with mechanical ventilation; 

2. suggest the most proper and economical drilling methods when drilling through different 
ground types present in Poland geological structure; 

3. evaluate the energy capsule applicability in Polish conditions; 

4. present the influence of different ground types as heat sources on BHE installations and 
compare different Polish geological regions accounting for profitability of BHE installa-
tion; 

5. suggest the most efficient BHE design from conceptions currently available at market as 
well as those recently invented; 
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Methodology 

The introduction intends to present the basic concepts about the GSHPs and BHEs, as well 
as to describe some important issues. 

To reach the first specific objective a basic analysis of different systems in which mechanical 
ventilation cooperates with GSHP with normal U-pipe or TIL (Thermal Insulated Leg) BHE will 
be done as well as some propositions about systems arrangements and comparison of designs. 

To accomplish the second objective, Polish and Swedish geology has to be analyzed, so that 
the similarities in ground formations will be known. Being acquainted with mentioned similarities 
and after gaining knowledge about drilling technologies used in the Sweden, it will be possible to 
choose drilling types which should fit the best according to Polish conditions. 

To evaluate the applicability of energy capsule in Poland, a comparison of different methods 
of sealing a borehole (by usage of a standard grouting material and by sealing with energy capsule) 
will be made. The comparison will take into account costs of specific method and possible benefits. 

To show the geology influence, series of simulations in different areas of Poland where dif-
ferent ground types exist are going to be conducted. The simulations will be based on geological 
maps of Poland and Sweden, and made in EED Earth Energy Designer software. The analysis 
would give an opportunity to compare different Polish regions with regard to their ground heat 
source effectiveness (represented by heat extraction/rejection rate) and cost. Simulation on Swedish 
region will be made for a comparison purpose. 

To suggest the most efficient BHE design the comparison of different concepts will be 
made. The comparison will take into account not only the design alone, but also the different loca-
tion of heat exchanger inside the borehole. For that purpose once again the simulations in Energy 
Earth Designer software are going to be made, so that mean secondary fluid temperature for every 
specific case would be acquired. The results will make it possible to choose the best construction 
type amongst all others taking into account BHE exploitation cost, efficiency and possibility to ap-
ply. 

Accomplishing all specific objectives by ways that have been described will eventually allow 
reaching the main goal of this thesis. 
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1 Introduction 

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

The idea of ground source heat pumps operation both in heating and cooling mode is widely 
described in many academic scripts or scientific reports, so it will be presented here in a shortened 
form.  

The basics during considering aspect of heating a residential building is thermal energy 
stored in natural environment, strictly in a ground. This energy type as any other type of renewable 
energy restores its power periodically. It is possible to extract it from the ground by many different 
ways, also (what is the subject that this thesis is focused on) by a borehole with tubes inserted inside 
of it and circulating heating carrier. Heating agent flowing over the borehole from up to down and 
conversely absorbs heat gradually increasing temperature, and finally finding its way out from bore-
hole to evaporator being a part of a refrigeration cycle. In the evaporator the heat is collected by a 
refrigerant which is circulating in the thermodynamic cycle. The refrigerant is chosen in a way so 
that it changes its phase when a proper temperature is held in the evaporator. The second characte-
ristic property of mentioned thermodynamic fluid is large change of a temperature according to 
pressure change, so when it’s compressed by a compressor its temperature gets higher. After com-
pression a hot refrigerant is transported to condenser, where the heat is absorbed by a medium 
(usually water) cooling this heat exchanger. Heated water is then distributed to fulfill its role in heat-
ing a house or providing it with a domestic hot water. 

The idea of cooling by use of ground source heat pump is based on inversion of the refrige-
ration cycle, in a way that evaporator switches with condenser in his function and vice versa, re-
spectively. The fact that ground in vicinity of the borehole has a lower temperature than outdoor air 
temperature during summer season is also important. The easiest method for cooling mode is usage 
of one additional instrument, a three-way valve. A fundamental issue is a proper construction of 
both heat exchangers, so that the switching of functions will be possible. 

Nowadays, it is common to drill boreholes above      of depths and hence borehole heat 
exchanger in reality works in a three different areas of natural temperature distribution in a ground. 

The first area lies just below surface of the ground (up to     below surface), the second lies a little 

bit deeper, but also at shallow depths (from   up to     for dry grounds or up to      for wet, 

sandy grounds), the last area occurs beneath mentioned   or      (Biernacka, 2004).  

Areas of natural temperature distribution in ground demonstrate short- and long-term fluc-
tuations of temperatures. Short-term fluctuations are influenced by weather and they exist only up 

to     below ground surface, so just in the first above mentioned area. Long-term fluctuations 

(known also as seasonal fluctuations) occur in the second area (up to   or      depending on the 
ground type). It is implicit that these fluctuations have an impact on heat transfer in BHE, so that 

the first       do not give any heating effects because of fast ground cooling what causes a heat 
loss. The temperature of describing area is constant and approximately equal to annual air mean 
temperature. 

Beneath shallows depths deep area occurs, which location depends on type and ground hu-
midity. In deep area for every particular ground type temperature stays constant and very slowly in-
creases with depth according to geothermal gradient, which indicates thermal impact of Earth in-
ner. Variety of ground temperature gradient is a result of the depth at which magma solids are, rock 
thermal conductivity, tectonics, surface form of the Earth, localization of radioactive and geochem-
ical processes and hydro-geological phenomena. In Poland the geothermal gradient demonstrate a 
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wide variety, what is dependent on structure of geology, especially on halokinesis structures which 
have significantly high thermal conductivity (Radlicz et al, 1988). 

1 . 2  G r o u n d  s o u r c e  h e a t  p u m p s  c o e f f i c i e n t  o f  
p e r f o r m a n c e  ( C O P )  

Ground source heat pump coefficient of performance is a ratio between heating effect of the 

heat pump operation (heating performance   
  ) and a cost which need to be carried to achieve that 

effect. The latter is featured as a used electrical energy supplied to power devices such as compres-

sor, circulator pumps etc. (  as a total value of that). 

           
    
 

 Equation 1-1 

Significant influence on GSHP coefficient of performance have a temperature of heating 
carrier flowing out after being heated in the borehole (the higher temperature the better COP) and 
the needed temperature in the building (the lower, the better COP). Between those two tempera-
tures obvious correlation exists – the lower difference between them, the higher COP achieved by a 
system. This is according to the fact, that mentioned temperatures have an impact on evaporation 
and condensing temperatures, which implemented in Equation 1-2, are a way to calculate heating 
performance of a heat pump device alone during refrigeration cycle, due to Carnot Theory: 

           
  

     
     

Equation 1-2 

    represents evaporating temperature,    condensing temperature and    is an overall 
compressor efficiency. 

The more effective and more modern borehole heat exchanger, the higher COP, which in 
fact is a measure of system performance. In the second part of the thesis, a possibility of increasing 
the temperature of heating carrier to receive a better COP and to lower an energy consumption by 
a means of latest BHE design (TIL) or by an exhaust air from mechanical ventilation system will be 
presented. 

1 . 3  H o w  s h o u l d  a  h o u s e  b e  d e s i g n e d  t o  w o r k  w i t h  g r o u n d  

s o u r c e  h e a t  p u m p  

If the GSHP has to work effectively, it is needed to keep some obligatory assumptions. By 
an analysis of overall heat transfer between inside of a house and outside environment: 

                       
Equation 1-3 

we see that if we would like to limit the heat transfer we need to affect on overall heat trans-

fer coefficient or/and temperature difference between inside temperature of the house     and out-

side temperature of the surrounding environment     , strictly at the first described one. 

An overall heat transfer coefficient   is depended on thermal properties of the building. The 

smaller value of  , the better. Proper thermal properties are secured by selection of right insulating 
materials and appropriate planning of wall barriers areas at house designing level. Current Polish 
standards define that a house is an energy-saving building when its heat demand does not exceed 

  
 

   (Jasiukiewicz, 2008). 

The value of   
 

   in a fact exists only in modern buildings. In other words we need to im-

prove our house if it is not a new build one. The most common ways are: windows switch, reduc-
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tion of the air loss or insulation of ceilings, attics etc. There is no reasonable explanation to install 
ground source heat pump in a building which demands more heat than the described value.  

The difference between inner and outer temperature depends on a type of heat distribution 
system and climatic region when a building was founded. The lower difference of temperatures, the 
lower the heat transfer through building walls, and so the lower heat loss. Increase of temperature 

inside a house by     causes   to    higher heat loss (Jasiukiewicz, 2008). 

 The best solution of decreasing    is by an application of low-temperature heat distribution 

system (max     ) like i.eg. an underfloor heating.  

1 . 4  H y b r i d  h e a t  p u m p  w i t h  b o r e h o l e  h e a t  e x c h a n g e r  

Mechanical ventilation systems are more and more common even in the detached houses. 
Mostly, the reasons of this state are too well insulated windows and walls of building so that the 
natural ventilation is not enough. Such a mechanical ventilation system is usually expensive to main-
tenance, why presented solution can be very prospective for seeking cost reduction users.  

Hybrid heat pump with ground and exhaust air as sources is a system in which low or high 
temperature heat recovered from the exhaust air is used to heat or cool secondary fluid after it 
flows out from the BHE, depending on season. It is implicit that in fact GSHP extracts heat from 
two sources. It was proved that the temperature in winter season entering the heat pump is higher 

than average temperature of normal system, which in Sweden circulates between     to      de-
pending on geographical area. This system allows achieving higher than normal COP and it is better 
than commonly installed ordinary exhaust air heat pump (Wärnelöf, 2005). 

 

 

Figure 1-1. Hybrid heat pump with ground and exhaust air as sources installation (Wärnelöf, 2005) 

 

An important issue of temperature changes in the ground surrounding boreholes will be 
mentioned here to stress second benefit of a hybrid heat pump. 

Borehole heat exchanger operation is connected with a process of changing the temperature 
area in its proximity (Nowak et al, 2008). During the heating season surrounding ground is cooled, 
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whilst during the summer season heated. Basically, the ground is regenerating but researches proved 
that the ideal situation nearly never occurs so that the heat extraction is bigger than the heat rejec-
tion or inversely. It means that the undisturbed ground temperature profile never backs, so the sec-
ondary medium temperature is allowed to extract/dissipate gradually less heat while the years pass 
and system becomes inefficient, what appeals with lower heating/cooling COP and higher energy 
consumption. 

The second benefit of the hybrid heat pump with ground and exhaust air as sources is that it 
makes easier to keep a balance between heat extraction and heat rejection, so the above mentioned 
problem do not occurs. This state is a result of possibility to manipulate an amount of heat which 
we would like to extract/dissipate from/to the ground, since we get some free heat from exhaust 
air which ventilation removed from the building.  

1 . 5  G e o l o g y ,  h y d r o g e o l o g y  a n d  g r o u n d  t h e r m a l  p r o p e r -

t i e s  

Geology is an important matter since designing a ground source heat pump installation (a 
number of boreholes, their depths, system preliminary heating or cooling output) needs accurate 
knowledge about geological conditions. System efficiency and initial installation costs depend on it 
as well as the choice of the most suitable drilling technology (both fast and inexpensive). 

Hydrogeology is second import thing which needs to be mentioned in this section, since 
groundwater has a significant impact on borehole heat exchanger operation. BHE which is exposed 
to groundwater usually works better, what means that it achieves higher heating agent outlet tem-
perature and it collects more heat. One reason is that the groundwater has at some depths constant 
temperature all over the year. The second thing is that its movement (when high volumetric flow 
rate is concerned) can increase a convective heat coefficient in the water side of BHE, so that the 
heat transfer occurs more intensively (Acuña, 2010). However, in some cases it is possible for water 
to lower BHE performance. Therefore, to evaluate its true impact, some considerations about e.g. 
water volumetric flow, its level or temperature should be concerned, before the process of a true 
borehole drilling takes place. 

The glaciations have the biggest influence on modern ground surface model predominating 
over the whole Poland (from the north, to the south where Carpathians and Sudetes are) glaciers 
activity (Radlicz et al, 1988). That is the reason why Polish geological conditions are very complex 
and the structure is quite diverse. It demands high abilities linked with a wide knowledge to correct-
ly recognize the stratigraphic age and the structure of Earth area being analyzed.  

The bedrock of Poland consists of three main components: Precambrian East-European 
platform in north-east Poland, orogenic belt and epivaristian platform in the south-west Poland and 
Alpides, the youngest orogene in the south of Poland (PPWK, 2005). 

Swedish geology is probably even more complicated than Polish one, because of such events 
like earthquakes and volcanism, which particularly didn't exist in Polish geological history (Poland 
in fact is classified as a non-seismic area). Also glaciations had an impact on geology of Sweden 
(SGU). 

Three major bedrock structures can be differentiated in Sweden: Precambrian crystalline 
rocks, the remains of a younger sedimentary rock cover and the Caledonides (SGU). 

Whilst variety of Swedish and Polish geology is wide, it is possible that a few different forma-
tions may be encountered, when it comes to choosing a place for heat exchanger installation. Each 
kind of formation has its own thermal properties so every layer must be considered separately to 
calculate whole system performance. 
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Thermal properties which are different for each kind of ground type are: thermal conductivi-

ty         and thermal diffusivity        . Moreover, every soil or rock can be additionally cha-

racterized by ground thermal resistance        , which defines the heat losses during its transfer. 

Thermal conductivity and thermal diffusivity are related with each other in a heat diffusion 
equation: 

        
       

 
      

        

 
Equation 1-4 

Above presented         demonstrates a ground heat capacity, while  
      

 denotes a 

ground density. Those two multiplied variables  
      

         are called ground volumetric heat 

capacity. 

Ground thermal resistance in steady state conditions is a function of thermal conductivity, 

directly linked with          in an equation of thermal resistance for a cylinder made of ground: 

        
               

           

 
Equation 1-5 

where             is a ratio between radiuses which create two circles around the BHE, one 

inside another. The bigger         defines the distance from the vertical axis to the point, where 

the ground shows undisturbed temperature values, the smaller     defines the borehole radius. This 

calculation of         relates to steady state conditions for heat conduction in a cylinder 

Thermal conductivity of the ground is affected by porosity (the smaller, the better ground 
thermal conductivity coefficient), liquid water content (the higher, the better coefficient) and 

ground density         (the higher the better conductivity coefficient, what is caused by a higher 

number of particularly matters and smaller number of pores in volumetric ground unit as well as 
better heat conduction because of better contact between the matters) (Biernacka, 2010).  

Thermal resistance of a ground strongly depends on its type (i.eg. quartzes have lower ther-
mal resistance than loam), density (the higher, the lower ground resistance) and water content (wa-
ter appearance in the ground drastically decrease thermal resistance) (Cambell et al, 2003).  

Thermal diffusivity being a measure of how quickly a circulating in the borehole secondary 
fluid can carry heat away from the surrounding ground creates the relation between the density, 
specific heat and thermal conductivity (Lienhard IV, 2011). 

1 . 6  I n t r o d u c t i o n  t o  d r i l l i n g  

While drilling is taken into consideration, it is important to choose a proper way to make a 
borehole, as well as a proper tool, what allows reliable and quick penetration, of course to some 
considerable extent. The drilling cost plays an important role in the overall investments costs. Is it 
usually given with the cost of heat exchanger tubes mounted in the borehole and it is valued at a 

level of        total ground source heat pump installation cost (Wärnelöf, 2005). The right 
choice of the its type makes it possible to lower installation cost in some cases, so that the ground 
source heat pump as a heating or cooling system will be more available from the economic point of 
view. 

Nowadays, the most common ways to penetrate a ground so that a vertical hole for future 
BHE installation is done are: with a drilling mud (also called as a drilling fluid) or without it (Wój-
cik, 2009). The main difference between them is a way of dealing with material which has been cut 
from a borehole (cuttings). As far as drilling with the fluid is concerned, the rig is working conti-
nuously (cuttings are carried out during the machine’s operation by the circulating fluid). While 
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drilling without a mud is considered, the rig can both work continuously (drilled material is pressed 
in the borehole wall) or intermittently (cuttings are carried out when the drill is lifted up beyond the 
ground surface).  

It was mentioned that drilling is inseparably linked with geology. After gaining the knowledge 
about the ground (mainly the ground strength what is a critical factor), other important factors are 
considered like speed of drilling, time, depth, the guarantee that the drilling process will succeed 
and designed depth will be reached as well the collector placed inside of hole, and the possibility to 
drill in one attempt by an one tool without taking it out from the borehole (Wójcik, 2009). 

A crucial issue in the case of drilling is also a hydrogeology. As it was described in the pre-
vious section, a groundwater can have a positive impact on borehole heat exchanger performance 
in heating mode of GSHP, but it also can negatively affect the system whilst cooling mode is con-
cerned. Although it is very hard to calculate how exactly the water influence the heat transfer, it is 
well known that in most cases the effect is advantageous, so the borehole should be drilled through 
as many groundwater layers as possible. 

Drilling through water layers sometimes needs environmental consideration, since in some 
countries it is not allowed to let the natural groundwater circulate freely, to avoid mixing the water 
from different water layers. Filling the space between ground and borehole by some filling (grout-
ing) materials is a precaution which is used. Therefore, filling material has also a great impact on 
heat transfer, makes it usually better especially when thermal enhanced, although in locations where 
the soil is dry or large seasonal fluctuations in the groundwater are, grouting material simply have to 
be used. 

Generally in Sweden it is used to not seal the space between ground and borehole, allowing 
free water movement around BHE what gives considerable advantages (Section 1.5). This situation 
has not been changed, although the standards from Swedish Geological Survey SGU made in 2007 
introduced such a possibility (Acuña, 2010). Rarely applied way of boreholes sealing in Sweden is 
done by putting special thin hose (energy capsule) inside the borehole, separating heat exchanger 
tubes from the surroundings. Energy capsule is installed as a first component of the BHE by 
putting it in a slim form inside drilled energy well. Later it’s filled with water, what causes its size in-
crease, and therefore the borehole is sealed (PEMTEC). 

Because of Sweden geology, which is mainly composed of hard rocks, applied types of drill-
ing are usually different types of air drilling. Air drilling has many advantages from which the most 
important are drilling speed, possibility to drill every type of ground and no costs of drilling mud. 

In Poland it is very common to drill a ground with a drilling mud based on water i.e. bento-
nite mud, which takes away cuttings as well as fills the area between borehole and ground, what al-
lows temporary protection from the leakage in the water layers during the whole penetration 
process (DemaxDrill, 2010). Additional advantage of described fluid is his role as a formation stabi-
lizer preventing borehole walls before cave-in of unstable soil types. Unfortunately, drilling mud 
based on water and mixed with some other material costs. Also, the mud pit for the circulating fluid 
is required, what limits the locations where the drilling can be conducted so as the BHE performed 
(ISWD, 2005). 

As far as sealing a borehole in Poland is concerned, there is a necessity to do it while drilling 
through various aquifers takes place. This situation is forced by the national regulations, since con-
necting two different water layers is treated as damage and is prohibited by law (Polish Water Law, 
2001). Sealing a BHE is usually done by pumping grouting material to the empty space between al-
ready installed heat exchanger and the ground’s wall. It is done by a means of high density pump or 
special grouting device. After the whole operation is completed, the results are: improved soil cohe-
sion and permanently sealed hole. This method is an effective way to close and separate drilled wa-
ter layers. Moreover it makes the BHE tubes construction more fortified. 
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1 . 7  H e a t  t r a n s f e r  i n  B H E s  

Heat transfer which decides about borehole heat exchanger thermal performance is governed 
by two modes of heat transfer – heat conduction and heat convection. 

Heat transfer mode occurring between the ground surrounding a BHE and the BHE’s wall is 
heat conduction (while possible groundwater movement is not taken into consideration). To calcu-
lation purposes the steady state is considered and three dimensional equation expressed with cylin-

drical model is simplified to one-dimensional equation in which a heat flux flows in   direction on-
ly. In a reality if the heat extraction from the ground is considered, the steady state extraction tem-
perature is achieved after many years of GSHP operation (Acuña, 2010). Heat conduction through 
a wall is expressed with Equation 1-6. 

          

  

  
 Equation 1-6 

The temperature gradient    is a driving force of the heat transfer and can be presumed here 

as a difference between temperature of borehole wall     and undisturbed ground profile tempera-

ture        .    may be interpreted as a difference between radiuses         and      (Section 1.5). 

To get information how much heat is possible to obtain per unit length of borehole with a 

radius of    , it is needed to assume a boundary condition which takes into consideration only that 
what happens at the borehole wall and multiply (Equation 1-6) by a borehole perimeter: 

          

  

  
       

         Equation 1-7 

Heat transfer occurring inside BHE shanks is obviously convection and shows how much 
heat in fact is absorbed by a circulating fluid from the internal borehole pipe surface. This can be 
expressed as a basic convective heat transfer equation: 

                   
Equation 1-8 

where      is the temperature of internal borehole pipe surface and    is a mean fluid 

temperature. Equation 1-8 will be more useful when we multiply it by a borehole perimeter, as it 
was done in (Equation 1-7): 

                         
Equation 1-9 

giving us a value of heat possible to absorb by a secondary fluid per a meter of pipe. A way 

of enhancing     value is to increase thermal convection coefficient   by a higher flow rate of the 
circulating fluid. 

1 . 8  T h e r m a l  r e s i s t a n c e s  i n  B H E s  

Thermal resistance exists everywhere where heat transfer occurs. As far as heat transfer in a 

case of a borehole heat exchanger is considered, overall (total) thermal resistance    is a sum of 

fluid to pipe resistance   , pipe wall resistance      , overall filling material resistance     and 

ground thermal resistance        . 

                        
Equation 1-10 

This equation shows the importance of BHE design, since three variables depend on design-
er’s opinion. 
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Fluid to pipe resistance is a measure of convective heat transfer between them. It can be pre-
sented if we take into account a cylindrical model for a steady state condition, where the heat trans-
fer occurs on the cylinder surface: 

   
 

       

 
 

           

 
Equation 1-11 

The existence of convective heat coefficient   indicates the relation between the resistance 
and volumetric flow of secondary fluid flow. It is clear that if the rate of volumetric flow is higher, 

the higher a Nusselt number is, therefore the better  , so the fluid to pipe resistance lower. 

Pipe wall thermal resistance is based on the same conditions and on the same model as Equ-
ation 1-5: 

      
               

         

 
Equation 1-12 

The            is a ratio between the external and internal pipe radius. Thermal properties of 

a chosen material type as well as the pipe geometry seems to play a crucial role in a reduction of the 

     . 

Overall thermal resistance of filling material     is composed of thermal resistance of filling 

material itself     , contact thermal resistance between the BHE pipe and filling material            

as well as of contact thermal resistance between filing material and borehole wall           .  

                               
Equation 1-13 

The model and the conditions to calculate contact thermal resistances are the same as in the 
equation 1-12: 

         
                           

        

 
Equation 1-14 

where          is a radius where contact thermal resistance takes place between the two sur-

faces,      is a width of the possible free space between pipe and filling material surfaces, and      

is the thermal conductivity of that, what fills the gap. For water filling the borehole it is usually as-

sumed that both            and            are equal to  , since possible gap is  . When grouting 

material is pumped gently and precisely to the borehole, a value of 0 or            is assumed as 
a total contact resistance. Otherwise, if a grouting process was done improperly, even values like 

     or            can appear (BLOCON, 2008). 

The ground thermal resistance         was very briefly described in Section 1.5 for steady 

state conditions. This is the most complex of all resistances since it is time dependent. 

Three above presented variables   ,       and    , in a sum give a borehole thermal resis-

tance     which is a total thermal resistance a designer can have an impact on: 

                 
Equation 1-15 

It can also be expressed as a function of mean temperatures difference between circulating 

secondary fluid temperature    and borehole wall temperature    , and the heat transfer rate   , as 

it was proposed by Hellström (Hellström, 1991) for a case when we apply a certain amount of heat 
to the ground: 
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Equation 1-16 

Equation 1-16 in fact is not possible to precisely solve theoretically without some simplifi-
cation procedures because of insufficient exact information about the temperature of borehole wall 

and temperature of secondary fluid. Hence, if      must be calculated properly without approxima-
tion error, it is done by (Equation 1-15) or it is determined by a measure of Thermal Response Test 
(TRT) and Distributed Thermal Response Test (DTRT). 

1 . 9  T h e r m a l  R e s p o n s e  T e s t  a s  a  w a y  t o  m e a s u r e          

a n d       

Thermal Response Test (TRT) is a common way of taking measures at a field where the fu-
ture Borehole Heat Exchanger will be installed or to investigate various BHE designs for an aca-
demic purpose.  The variables that are acquired by a means of TRT are nearly everything what is 
needed to design a proper BHE system: ambient temperature, volumetric flow rate, injected power, 

average undisturbed ground temperature         and fluid mean temperature   . Obtained data 

immediately allows calculating ground thermal conductivity         and borehole thermal resis-

tance     by a means of Equation 1-17: 

           
 

 
      

 

            
  

 

 

   

   
 

   

    

 
Equation 1-17 

 Whole analysis gives info about an amount of heat possible to get/remove per meter of the 

borehole    in the planned drilling place. TRT is widely applied around the world what comes ac-
cording to the fact, that theoretically designed systems are based on many simplifications and do 
not take into account the differences between ground structures, and connected to that ground 
thermal conductivity. Also, possessing knowledge about possible influence of the groundwater and 
its convection, it’s good to have some real figures.  

First TRT was done by Mogensten in 1983 at KTH Royal Institute of Technology in Swe-
den. Nowadays after many years of developing and studying it has become a very useful instrument 
for estimation of larger installations and academic/experimental work.  

To carry out a test of thermal response, a tool equipped with a mobile rig which contains an 
electric heater, a pump, and sensors measuring inlet and outlet temperature and flow, is used. The 

electric heater injects heat   into the preliminary drilled borehole where secondary fluid flows in the 
heat exchanger and pass the heat to the ground. Usually the heat injection is kept constant and the 
test duration is long enough to ensure achieving proper conditions. Heat flow ratio and fluid differ-

ences of temperatures are a measure of          and    . 

Although TRT is very helpful in sizing a BHE installation, it provides only mean values. A 
way to increase TRT sense and to get exact temperatures, resistances and conductivities along the 
depth is to conduct a Distributed Thermal Response Test. 

1 . 9 . 1  D i s t r i b u t e d  T h e r m a l  R e s p o n s e  T e s t  

DTRT is conducted during Thermal Response Test and measures the variations of tempera-
ture along the borehole length. A possible way is to use one cable instead of many sensors because 
of the working principle of the fiber optic based on Raman Effect. The cable can measure fluid 

temperature    as well as borehole wall temperature     what depends on its placement (Acuña, 

2010). 
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Figure 1-2. Sample of DTRT’s and TRT’s equipments cooperating during the measurements (Acuña, 2010) 

 

The operation principle of measuring with fiber optics is complex and it’s going to be only 
facially described. Through a cable laser pulses are sent. The light is scattered and because of that is 
altered, now additionally composed of photons with different energy. It causes that stokes and anti-
stokes bands with respectively increased and decreased frequencies are created, symmetrically si-
tuated among both sides of Rayleigh band. The intensity ratio of created bands and the time delay 
are converted to temperatures and positions by readout equipment (Acuña et al, 2009). 

As it was mentioned before the results of DTRT are very convenient to analysis of future 
place for installation. This type of test gives very exact values and may provide every needed info 
about varieties of ground structures and formations, different groundwater movements at different 
levels of aquifers, etc. 

1 . 1 0  D i f f e r e n t  t y p e s  o f  B H E s  c o n s t r u c t i o n  d e s i g n s   

1 . 1 0 . 1  U - p i p e  B H E s  
 

U-pipe borehole heat exchanger (or U-loop) in its basic type is the most common one in 
Poland as well as in Sweden, and probably in others European countries. It is usually made of two, 
polyethylene tubes, connected at bottom by two elbows, giving in a sum shape of letter “U”. When 
operating a heating agent goes up and down through the pipes, absorbing or dissipating heat 
from/to the proximity. Figure 1-3 shows described BHE design during the heat extraction from the 

ground. Normally a common type of U-pipe operates with a volumetric flow that gives about    
temperature difference between the inlet and outlet (Platell, 2006). 
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Figure 1-3. U-pipe BHE during heat extraction from the ground 

 

It is clear that in a normal U-pipe BHE heat transfer occurs not only between ground and 
the U-pipe shanks, but also between the tubes. This phenomenon is called “thermal shunt effect” 
and is an undesirable process while the fluid traveling down collects the heat from the one going 
up. It is the reason why many simulations have been conducted, including spacers between the 
tubes, their location inside the borehole and relation to each other. Some theoretical studies already 
have shown, how these question should be solve (Acuña, 2010), but unfortunately it’s still hard to 
implement them in practice. This is according to the fact, that it is very hard to keep the same, de-
sirable tubes position along whole borehole depth. 

Based on U-pipe heat exchanger it has been found that the flow has a significant impact on 

value of borehole thermal resistance     (Claesson et al, 1987). Figure 1-4 presents very common 

relationship of borehole thermal resistance and volumetric flow of secondary fluid. Normal     for 

U-pipe according to normally used volumetric flow is equal to                 (Acuña, 2011). 

  

Figure 1-4. Relationship of    and volumetric flow of secondary fluid. The diagram is based on a sample U-pipe BHE with parameters: 

      deep,       PE pipes, thermal grout,      solution of ethanol-water. (GEOTRAINET, 2011) 
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Claesson paper presents that for the same conditions the turbulent flow shows lower    , 
while the laminar – higher. Thus reaching the turbulent regime allows better U-pipe BHE perfor-
mance since it allows better heat transfer. However, turbulent flow has to operate at a high mass 
flow what means more energy consumption by a circulation pump because of higher losses. This is 
the reason why coaxial BHE has been implemented. 

1 . 1 0 . 2  C o a x i a l  B H E s  

In coaxial borehole heat exchanger (CBHE) cold or warm secondary fluid is forced to travel 
down through an inner channel (or a pipe). At the bottom of heat exchanger fluid goes to the one 
or more outer pipes (or channels), now moving up to the evaporator (or condenser) and collecting 
or giving the heat back from/to the surrounding ground. The direction of fluid flow can be logical-
ly inversed. This BHE construction allows direct contact with the borehole wall, so the heat trans-
fer occurs more intensive. The example of coaxial design in a form of annular coaxial is presented 
in Figure 1-5. 

 

Figure 1-5. Example of coaxial BHE during heat extraction from the ground 

 

Coaxial design was an attempt to reduce flow regime to laminar type, what could limit the 
energy consumption, lowering the losses. The attempt was a success resulting with better utilization 
of energy. For some mentioned BHE designs the energy used to power the circulation pump is 

even    times smaller than in conventional U-pipe (Platell, 2006).  

While the thermal shunt between outer and inner channel is still a negative effect, insulation 
between them resolves a problem. That is what has been done to the CBHE design by Platell (Pla-
tell, 2006), who invented Thermal Insulated Leg, a type of coaxial BHE with a central insulated 
tube and several outer channels (which number varies – the general principle is the more, the bet-
ter, of course to some critical extent). While the heat transfer between tubes is equal to zero, the 
shunt effect does not exist. In a U-loop BHE described situation is not possible, whilst insulating 
one of the channels causes that only the second one will exchange heat with the ground. Figure 1-6 
presents the cross section of sample BHE being discussed. 
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Figure 1-6. Cross section of Thermal Insulated Leg BHE composed of 12 peripheral tubes 

 

It is implicit that laminar flow of secondary fluid obtained in TIL pipes gives us a possibility 
to reduce a volumetric flow rate. While borehole thermal resistance is lesser (usually the borehole 

thermal resistance     for TIL BHE composed of 12 peripheral tubes is equal to      
           (Acuña, 2011)) and fluid circulation slower, it is clear that fluid collects more heat 
from the surrounding ground and the system shows higher temperature differences between the in-
let and outlet fluid temperature. It was presented (Platell, 2006) that the temperature difference can 

reach      . All factors summed up together gives     higher BHE performance.  
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2 Cooperation of  GSHP with TIL 
BHE, with venti lation  

 

2 . 1  P r e l i m i n a r y  a s s u m p t i o n s  a n d  c a l c u l a t i o n s  f o r  b a s i c  

c o n c e p t  

To conduct an analysis, a sample is needed. Let us take as a model of consideration a de-

tached house situated in Gdańsk, Poland. The house area is equal to        with   people living 

in it. The walls are       high. The detached house is a newly built one with specific heat require-

ment equal to         (Section 1.3). House has heating and ventilating system. The mechanical 
ventilation cools the house in summer as well.  

2 . 1 . 1  H e a t i n g  o f  t h e  h o u s e  a n d  d o m e s t i c  h o t  w a t e r   

The house heating system is consisted of a ground source heat pump with borehole heat ex-

changer as an ordinary U-pipe composed of             PE pipes (              ) located 

together in the center of        hole. For such U-loops, companies normally plan installations. 
The ground types existing at analyzed area are sand and gravel, and they are the only ground types 
existing across the whole BHE depth. The GSHP will cover both heating and domestic hot water 
demand. Calculations: 

                                                                   
 

    

                       

Heating companies normally assume        per person when they estimate an amount of 
domestic hot water needed (Dimplex, 2008), so: 

                                 

In a sum the house needs        heat. We choose a basic GSHP from any available cata-
logue (in this case I have chosen GSHP from Dimplex offer with symbols SI 9TE). The informa-

tion about the device: heat output      (for conditions:    heat source temperature – as a tem-

perature of secondary fluid when it flows out from U-pipe BHE,     heating water flow tempera-

ture – as a normal for underfloor heating), nominal power consumption        , so the refrigera-

tion capacity in heating operation is        . To finalize heating calculation we have to estimate 
the BHE depth. We use a simplify method based on specific abstraction capacity of the ground 

type. For a gravel, sand, aquiferous it’s        when heat pump works             what is 
typical value for systems with DHW (Dimplex, 2008). 

         
                            

                                  
 

       

      
             

To achieve        (between inlet and outlet secondary fluid temperature) we have to cal-

culate the secondary fluid flow.    is a common value for BHE used by designers when they take 
into consideration a normal, U-loop heat exchanger. Unless we provide mentioned value, the 
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ground heat exchanger operating conditions are very unfavorable, because of existence of laminar 
regime while lower than normally designed volumetric flow would be present (whilst we logically 
had an intention to achieve higher temperature difference, since it increases system’s performance 
and the flow is reduced) what is in practice visible in higher borehole thermal resistance. Hence: 

      
  

 

                
 

  
 

         
          

where     is a brine density (for a 25% ethylene glycol which is used in chosen system) equal 

to           ,      is a mean specific heat of the brine equal to               (values ob-

tained from Energy Earth Designer simulation software). The temperature     is a temperature of 

secondary fluid, when it flows out from the borehole to evaporator (outlet secondary fluid tempera-

ture) and     is a temperature when it flows out from evaporator and goes back to borehole (inlet 

secondary fluid temperature). As it was mentioned the temperature difference between them is 

     .  

For chosen GSHP manufacturer advises                          as a secondary 
fluid circulation pump (which will be marked as Pump 1 in following sketches). To determine its 
energy consumption, delivery head of the pump has to be obtained. First step is to calculate the 
Reynolds number characteristic for occurring brine’s flow. 

    
           

          
      

    value at a level of      demonstrates turbulent regime. In above equation inner pipe di-

ameter            , whilst brine dynamic viscosity                . For calculated      

and Re, the     is assumed to be approximately equal to            (the worst value from those 
characteristic for U-pipe BHE mentioned as usually ones in Section 1.10.1). This number remains in 

a very good accordance to Figure 1-4. Knowing the    and the regime it represents, the only needed 
variable before it’s possible to calculate the pressure drop is friction factor, which for turbulent re-
gime can be estimated with Blasius equation: 

  
      

      
       

Therefore, for       long U-pipe BHE ( ), the linear pressure loss is equal to: 

             
 

     

   

 
 

       

       
  

            

Local pressure lost will not be calculated since its value is negligibly small and doesn’t have a 
visible impact on overall pressure loss in BHE. 

Finally, the needed delivery head of the pump   can be estimated.   calculation is based on 

equation in which pressure lost in BHE          is divided by brine’s density     and gravitational 

acceleration  : 

  
        

      
       

According to pump’s characteristics (GRUNDFOS), maximum power consumption for ob-

tained conditions is equal to         . 

Next important issue which has to be calculated is the volumetric flow rate of the water flow 
distributing heat over the building. The influence of temperature difference between the water 
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going out from the condenser (outlet water temperature) and the water coming to condenser back 
(inlet water temperature) on heat pump heating output is significant. When the maximal value is ex-

ceeded, the heating output drastically decreases. Manufacturer advises maximal       , whilst 

the heat source temperature is in range of     to    . A mean of mentioned    value is taken, 

thus    . Once again, we have to evaluate the flow, as it was done previously: 

     
  

 

                    
          

where    is a water density equal to           ,     is a mean specific heat of the water 

equal to             . The temperature         is a temperature of water, when it flows out 

from the condenser (outlet water temperature) and         is a temperature when goes back to 
it (inlet water temperature). According to calculated value a water pump (Pump 3) 

                   with maximal power consumption for specified flow rate 

         (GRUNDFOS) for heating distribution system is chosen. 

As far as hot water preparation is considered, a temperature of domestic water      usually in 

a heat pump installation is at a level of    . According to Polish Norm PN-71/B-10420, the tem-

perature of water going back to heating device      can’t exceed a difference of       . 

Hence, this value is assumed as a    in an equation below: 

     
  

 

       
          

where the rest of the values are the same, as in the previous calculation of     for Pump 3. 

Finally,                          with power consumption          (GRUNDFOS) is 
chosen as a circulation pump for analyzed case (Pump 2). 

To finalize heating calculations, it is obligatory to approximately determine the value of inlet 

    and outlet secondary fluid temperature    . Converted Equation 1-16 is used, where the bore-

hole wall temperature     was assumed to be in approximation     less than the ground mean 

temperature        . This simplification have to be done since the borehole wall temperature is 

very hard to calculate theoretically, what was already explained in Section 1.8 when below used equa-
tion was for the first time demonstrated. 

              

The mean ground temperature to the depth of      for the Gdańsk is considered to be 

            , so the borehole wall temperature            while borehole thermal resistance 

              .  

                           

Converted to Celsius degrees value       gives us information about maximal outlet sec-

ondary fluid temperature that will be in the best case lower by       than the temperature of the 

borehole wall. This is valid in such conditions like: the thermal resistance is at level of     
          , it is possible to always extract from the ground           (so steady heat flux 

conditions are concerned), the ground is at a temperature of              and the borehole 

wall is at a temperature of         .  

2 . 1 . 2  C o o l i n g  d e m a n d  o f  t h e  h o u s e  

Firstly, it is needed to estimate the value of sensible and latent heat gain. It was done in ap-
proximation by using such software like EES Engineering Equation Solver (Klein et al, 2001) and 
HAP Hourly Analysis Program (HAP). Hypothetical electrical devices, types of walls, windows and 
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doors as well as profile of the building which demonstrates its occupancy during the day, week and 
year were given. On that base the heat gain from people, infiltration, internal heat sources, lighting, 
etc. were calculated. Next, the exact position of the house was assumed to calculate heat gain from 
solar radiation. Additional assumption which were made: 

 calculating values of outdoor air temperature and humidity was taken from Polish 

Norm PN 76/B-03420 for first climatic zone (in summer         ,      ); 

 temperature in rooms for summertime          ; 

 

Since the purpose of this thesis is to focus on GSHP, only the results of heat gains calcula-

tions are going to be presented. Thence, sensible heat gain           , whereas latent heat gain 

       .  

2 . 1 . 3  V e n t i l a t i o n  o f  t h e  h o u s e  

Mechanical ventilation in winter season only supply minimal air needed according to hygienic 
demand. In summer season it works at a full load providing the proper temperature in rooms, 
therefore removing the heat gain from the house. The ventilation was calculated with the assump-
tions as in Section 2.1.2. Moreover: 

 calculating value of outdoor air temperature for first climatic zone for winter is 

         , while air humidity        (from the same norm as above); 

 temperature in rooms for winter season          ; 

 difference between supply air temperature and temperature in the room is equal to 

     , so the most common value in ventilation designs; 

 the temperature of supply air for winter season       ; 

 the temperature of supply air for summer season       ; 

 for this thesis purpose minimal air volume due to hygienic demand was calculated 

according to Polish Norm PN-83/B-03430 (        for kitchen,         for 

bathroom,         for toilet,         for corridor,         for normal rooms); 

 the exhaust air temperature     is the same as the temperature in the room; 

 

Thence, the minimum air flow in winter season         
 

 
           . Once the 

amount of air is known, it is possible to estimate the output of heating unit of air handling unit. 

                                                  

where              is a density of moist air,         
  

   
 mean specific heat of the 

moist air,    temperature of supply air.  

To obtain the volume of air needed in summer we use Equation 2-1:  

   
     

                     
 

Equation 2-1 

Putting all known values in Equation 2-1 we receive an overall air volumetric flow    
                    . Eventually, the cooling output of cooling unit of air handling unit is poss-
ible to estimation: 
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                is only a calculated sensible power of the cooling unit. It is needed to consider 

also a latent heat. After providing all above mentioned values in ClimaCAD On-line (VTS) simula-
tion software (which is a designer tool available online used to selection of central handling unit 

with all its parts), the final power of cooling unit was estimated at a level of               

       . 

2 . 1 . 4  S k e t c h e s  o f  t h e  b a s i c  c o n c e p t  

The basic system’s operation during the heating season of the year is presented in Figure 2-1. 

BHE extracts the heat from the ground and passes it to GSHP evaporator. GSHP heats a 
house (Heat Receiver presents the whole underfloor heating installation which distributes the heat 
over the building) and provides domestic hot water (which is heated in Domestic Hot Water 
(DHW) Tank). Both mentioned operations are performed intermittently, what means that the heat 
pump either heats house, either domestic hot water. Its operation is governed by controlled and 
helped by a three-way valve. At the heating loop a Buffer Tank was used. Its role is to limit the 
number of compressor’s starts and turn offs (so to prolong the compressor’s lifetime) and to in-
crease the systems thermal inertia, so that even when the heat pump is off, the house is still heated.  

Mechanical ventilation supplies the minimal amount of air needed due to hygienic purposes. 

 

Figure 2-1. Sketch of basic design – winter season case 

Respectively, the work of basic system during the summertime is shown in Figure 2-2. BHE 
also extracts heat from the ground, but GSHP uses it only to heat a water for domestic purposes. 
Mechanical ventilation removes all created heat gains and maintains the proper temperature in the 
cooled rooms. The system’s part not operating is marked with black color. 
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Figure 2-2. Sketch of basic design – summer season case 

 

2 . 1 . 5  C O P s  o f  t h e  b a s i c  s y s t e m  

According to Equation 1-2 it is obligatory to know evaporating and condensing temperatures 
as well as overall compressor efficiency, so that the COP of the device will be possible to calculate.  

The evaporation and condensing temperatures are assumed to be    different, than the sec-

ondary fluid/water temperature flowing to these heat exchangers. Thence,       , whilst the 

condensing temperature       . The overall compressor efficiency is usually equal to    . For 
such values the coefficient of heating performance is calculated: 

                 
     

    
           

Since above COP looks somewhat high, once more a calculation is done, this time by a 
means of Equation 1-1, in which a certain and proper values are used from the manufacturer’s in-
formation about chosen device: 

                 
    

       
      

After comparison of two acquired figures, it is possible to estimate a proper value of    

(     , which will be very useful later. Of course the latter from received COPs is chosen as a ref-
erence. Here we have to remember, that the real evaporating and condensing temperatures of the 
chosen heat pump device are different than those assumed above. Since it is not possible to get the 
reliable info from manufacturer catalogue, such assumptions have to be made, so that the further 
calculations and comparison will be possible. 

To obtain a heating COP of the whole system it is needed to take into account its whole 
energy consumption, so the energy consumption of the heat pump compressor as well as of chosen 
circulation pumps: 



 37 

              
    

                                  
      

 

2 . 2  Di f f e r e n t  d e s i gn s  o f  s y s t em ’ s  c oop e r a t i o n  

2 . 2 . 1  D e s i g n  1  –  w i n t e r  s e a s o n  

Actually, the first design for winter season is just a replacement of BHE type - U-pipe is 
switched with Thermal Insulated Leg. TIL is composed of 12 peripheral tubes placed around the 

central pipe (Figure 1-6). The inner diameter of central insulated pipe is       and the diameter at 

which    thin tubes are peripherally placed is at a level of      . Every thin tube has inner di-

ameter of      .  

The system is demonstrated in Figure 2-3 and it looks just like the system presented in the 
Figure 2-1, except the additional installation of passive cooling. More details about passive cooling 
will be given in next Section 2.2.2. 

TIL BHE gives a chance to obtain a value of       between inlet and outlet secondary 
fluid temperatures, when it normally operates at half of U-pipe flow rate (Platell, 2006). That would 

mean          for our specified conditions. But let’s firstly investigate a case, when TIL operates 

with the same volumetric flow as the U-pipe BHE in the basic arrangement (        ), so we re-

ceive also      . With a help of a part of Equation 1-16 we calculate the loss occurring during 
the heat transfer: 

              

While borehole thermal resistance for TIL BHE is assumed to be                – the 
worst value of thermal resistance from those mentioned in introduction. Therefore, for conditions 
being analyzed the maximal temperature of secondary fluid heated by geothermal ground energy 

can be equal to          , since it will be just       lower than borehole wall temperature. 

As we can see, even with the same volumetric flow the TIL design reaches higher outlet fluid 
temperature which is closer related to the ground temperature, since TIL construction shows lower 
thermal resistance. Therefore, a COP of such a system with TIL which operates with the same as 
U-pipe volumetric flow: 

                 
     

      
            

Above COP as well as all COPs calculated in this chapter are based on assumption, that in-

crease of outlet secondary fluid temperature by     (comparing to basic design) causes the increase 

of evaporation temperature also by    . 

Now let’s get back to proper parameters of TIL operation (          ,             

 ).                  does not change but it still indicates reduction of compressor energy con-

sumption at a level of        . When the temperature difference is      , though it is not 
possible to reach higher outlet secondary fluid temperature than already calculated value of 

          (in this case, since     limits it), the reduced volumetric flow allows decreasing of 

energy consumption of circulation pump. The second, very important assumption which has been 
made here and for all cases in this chapter concerning heating mode, is that the heat pump can util-
ize the high temperature difference. It was based on fact, that refrigerant used as a working fluid in 
chosen device (R407C) is characterized by high temperature “glides”. Therefore, reaching higher 
COP while operating in such conditions seems to be possible (Platell, 2006).  
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The lower volumetric flow at a level of               demonstrates laminar regime in both 

types of TIL pipes.    number is equal to      when the fluid flows through the central insulated 

pipe (             and     when it flows through one of twelve peripheral tubes (      

     ). Therefore, for both cases Hagen’s equation to calculate the friction factor   is used.   for 

larger pipe is at a level of     , while for smaller -      . For central tube the linear pressure loss is 

equal to        , whilst for all peripherally placed ones it’s           when 
    

  
 is flowing through 

one, thin tube. Overall pressure drop for TIL: 

                                 

 Above       converted to delivery head of pump is equal to         . Based on charac-
teristic provided by pump’s manufacturer (GRUNDFOS), more favorable pump’s operating condi-

tions cause reduction of energy consumption of Pump 1, so that it consumes         energy less 
than previously for a U-pipe case. In a sum we receive a system COP at a level of: 

              
    

                          
      

 

 

Figure 2-3. Sketch of Design 1– winter season case 

 

2 . 2 . 2  D e s i g n  1  –  s u m m e r  s e a s o n  

The Design 1 is an attempt to eliminate partially the expensive cooling by mechanical ventila-
tion system. We are not able to eliminate a total work of ventilation, since the BHE is designed to 

extract, as well as inject          (value of   
 ). Firstly, for a comparison purpose let’s consider a 

normal U-pipe connected to a passive cooling station. According to the same data as for heating 
mode for basic design, the minimal outlet temperature of secondary fluid cooled by ground will be 
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              higher than the borehole wall temperature, so by means of converted equation 1-
16 for applying heat to the ground: 

                           

Therefore, brine can be cooled up to                , so     represent the secondary 
fluid temperature when it goes to the heat exchanger being a part of the passive cooling system, af-

ter it dissipated the heat to the ground (   ). 

The knowledge about     gives the opportunity to choose additional cooling equipment 

linked with GSHP from any company offer, concerning our needs. According to (Diplex, 2008) a 

basic device (PKS 14) is chosen. Its cooling capacity is equal to        for such conditions like: 

the outlet secondary fluid temperature is     and water outlet temperature is    . If the outlet 
fluid temperature is lower, the capacity increases. Therefore, when U-pipe lower the fluid tempera-

ture to     the passive cooling station is not reaching its maximal cooling capacity, which can be 

equal to value of   
 , the one for which the borehole was designed. Being more precise, the cooling 

medium takes always        of heat back to the borehole from the cooling station, despite the fact 

that BHE can cool         (        more). 

Though when a passive cooling is concerned the compressor doesn’t work, the additional 
pump (Pump 4) operates. In this case, the volumetric flow of Pump 4 must be the same as Pump 1, 
to guarantee a proper regime (turbulent one). Since the cooling capacity of cooling station is at a 

level of       , the inlet fluid temperature will be equal to         and the energy consump-

tion of Pump 4 will be         . 

Going back to the primary objective, which is a TIL operation in a passive cooling mode, ac-
cording to previously calculated value (Section 2.2.1) the minimal possible temperature of secondary 
fluid for TIL: 

                      

This value of           increases the passive cooling station cooling output comparing 

when normal U-pipe works (respectively, the inlet fluid temperature is equal to           ). Ac-

cording to company detailed description, the cooling output possible to obtain at a temperature     

is greater than       (since manufacturer gives characteristic only for U-pipe volumetric flow 
rate). However that value is not possible to obtain in example being analyzed, since the borehole 

heating/cooling output is limited to        , the result is very satisfied. It indicates that the bore-
hole cooling capacity is utilized in a maximal way.  

As far as secondary fluid pump is concerned, the operating parameters of Pump 4 are the 
same, as for Pump 1 when TIL is used in winter season. (Section 2.2.1), so the energy consumption 

is lower than for U-pipe case and it’s equal to         .  

To finalize system calculation, the temperature difference between inlet     and outlet     

water temperature is assumed to be the same as for heating case      . Whilst, the cooling ca-

pacity of passive station is at level of        , the volumetric flow             , so the Pump 3 

energy consumption according to its characteristics (GRUNDFOS) will be equal to        . 

The GSHP operates also in a normal refrigeration cycle to provide hot water for domestic 
purposes. The energy consumption of Pump 2 is taken into account, but the amount of compres-
sor’s work is negligible. 

Since the GSHP provide nearly whole cooling demand, theoretically the ventilation has to 

take care only of         heat gain. In a reality, the minimal amount of air in winter season due to 
hygienic norms must be delivered, so the minimal output of cooling unit has to be: 
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But the final power of cooling unit will be at a level of                      after consi-

dering latent heat. 

Figure 2-4 demonstrates described situation when TIL connected to passive cooling station 
provides the low-temperature heat to cool the house. System’s parts not used in the summertime 
are marked with black color. 

 

Figure 2-4. Sketch of Design 1 – summer season case 

 

2 . 2 . 3  D e s i g n  2  –  s u m m e r  s e a s o n  

In this design presented in Figure 2-5, the borehole heat exchanger in summertime has a role 
to cool outdoor air in the preliminary water cooler of air handling unit. According to Product Selec-

tion Software (VEAB) values of     and     are enough to cool an amount of air equal to    

                     to approximately     . The cooling output of pre-cooler is the same as 

the borehole cooling/heating output                        , where        is devoted to sens-

ible heat gain. 

The secondary cooling unit provides the rest of the needed power to cool the air to a level of 

      .                        where      are devoted to sensible heat gain. 

Since this design is a good idea especially for large buildings with considerable power of air 
handling units and their significant energy consumption, it still can be implemented with U-pipe. 
Unfortunately, in normal U-loop the temperature of outlet secondary fluid flowing out from it is 
higher and the volumetric flow has higher rate, so the heat transfer in heat exchanger is less effec-
tive. Therefore, the output of cooling unit will be lower (with very high probability not prospective 
to purchase it and perform the whole installation) and the energy loss so as energy consumption 
due to turbulent flow - greater.  
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The higher temperature difference obtained with TIL operation in this case is not directly 
used, what doesn’t allow its fully advantages. 

 

Figure 2-5. Sketch of Design 2 – summer season case 

 

2 . 2 . 4  D e s i g n  3  –  w i n t e r  s e a s o n  

Design 3 is an idea to increase the temperature of secondary fluid when it flows out from 
borehole, before it gets to evaporator as it was presented in introduction. Heat recovery unit which 
recovers heat from exhaust air is a crucial device here. The case is shown in Figure 2-6. 

To increase the secondary fluid temperature by     we need to provide         of heat. 

Let’s assume that     higher     temperature is a goal in this case, since this value is quite probable. 

The needed performance of heat exchanger is provided when temperature of exhaust air is cooled 

to           . The volumetric air flow is the same as for other winter designs (     ). 
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Figure 2-6. Sketch of Design 3 – winter season case 

2 . 3  O t h e r  p o s s i b l e  s o l u t i o n s  

 

Figure 2-7. Sketch of Design 4 

In Design 4 presented in Figure 2-7, GSHP plays a role of air heater in winter season, while in 
summer season the same TIL operating with GSHP or other TIL operating alone fulfills a role of 
air cooler. The best situation will be of course when the same borehole will be used in both seasons 
to ensure the proportion between heat extracted and rejected. The output of heating unit (condens-
er) depends on heat pump type and the borehole characteristic (depth, ground properties, volume-
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tric flow rate and temperature inside of it, etc.), whilst the output of cooling unit depends only on 
the latter. A few TILs Borehole Heat Exchangers can eliminate any other cooling device in ventila-
tion (if some way of balancing the amount of heat rejected to ground would be applied or if the 
natural heat regeneration in the ground during the winter season would be enough), providing very 
cheap in exploitation and environmental friendly source of low-temperature heat 

 
Figure 2-8. Sketch of Design 5 

To take a proper advantage of TIL, the system should be designed to utilize the higher tem-
perature difference between inlet and outlet secondary fluid. This can be done only when TIL coo-
perates with compressor based refrigeration device what allows to increase evaporating temperature 
when heat pump operates in heating mode or to decrease condensing temperature when it operates 
in cooling mode, resulting with increasing of COP in both cases comparing to currently use solu-
tions. Of course it’s only possible when the heat pump is operating with a refrigerant characterized 
by high temperature “glides”. The best method to use the mentioned modern construction of Bo-
rehole Heat Exchanger is cooperation with reversible heat pump, which i.eg. can serve as an air 
heater/cooler in the air handling unit like it was presented in Figure 2-8. Since one heat exchanger 
from normal design of air handling unit is removed, the initial costs of the air supply system will be 
lower as well as the size of air handling unit - smaller 

2 . 4  C o m p a r i s o n  o f  d i f f e r e n t  d e s i g n s  

COPs, compressor’s energy consumption and system’s energy consumption characteristic 
for presented various winter season designs are shown in Table 2-1. All COPs were calculated with 

previously mentioned assumptions: increase of outlet secondary fluid temperature by     (compar-

ing to basic design) causes the increase of evaporation temperature also by     and heat pump can 
utilize high temperature difference (because of refrigerant’s high temperature “glides”). 

Table 2-1. Comparison of different designs for winter season 

Design Ventilation GSHP 
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Output of 
heating unit 

     

              

    

           

    

Energy consump-
tion of compressor 

     

Whole system’s 
energy consump-

tion 

     

Basic                               

Design 1                               

Design 3                               

 

While Design 1 is just a simple implementation of TIL instead of U-pipe, the difference in 
received values between Basic Design and Design 1 is noticeable, what can be observed in Table 2-
1. In heating mode it seems that Design 3 is the best solution according to the fact that it obtains 
the higher secondary fluid temperature before it comes to evaporator. This design can also give a 

very good long-term benefits mentioned in Section 1.4 (since we possess additional few   from ven-
tilation which can act as heat reservoir to balance the heat extraction/rejection from the borehole) 
and can be especially useful when large building with large volumetric flow during winter season are 
concern i.e. shopping centers. For small volumetric flow in winter time, the purchase cost of heat 
recovery unit may not be returned. In analyzed sample the secondary fluid temperature can achieve 

maximally     higher temperature (when the exit air temperature is equal to    ) what in fact 

gives only      less energy consumption comparing to normal situation when TIL operates (De-
sign 1). Bulbs change gives better advantage in this case while it’s cheaper than new heat exchanger. 
All in all, the TIL implementation instead of U-pipe (Design 1) gives in fact benefits and noticeable 
differences for a detached house and other small residential buildings. 

Comparing obtained values, the COP of heat pump device where TIL was firstly imple-

mented (Design 1) is      higher, while the COP of whole system is       higher than COPs of 
Basic Design. It is implicit that this modern BHE design decreases the difference between the COP 
of heat pump alone and the COP of GSHP system. This phenomenon is indeed advantageous. 

Table 2-2 demonstrates characteristic values of designs which concern GSHP operation in 
summertime.  

Table 2-2. Comparison of different designs for summer season 

Design 

Ventilation GSHP1 

Output of 
main cool-

ing unit 

     

Coverage of cooling demand 

    

Whole energy con-
sumption 

     

Coverage of cool-
ing demand 

    

Basic                     

Design 1                        

Design 2                    

 

                                                      

1 Since compressor in summertime works only to provide domestic hot water, its energy consumption is neglected 
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It can be observed above that the passive cooling in Design 1 gives the best benefits for a 
normal user, since removing the heat gain by a means of mechanical ventilation is expensive and 
demands high output of main cooling unit. Though as it was mentioned before the usage of TIL in 
passive cooling mode do not fully utilize the TIL benefits, it still gives good values (of course better 
than values received with U-pipe) indicating, that this type of BHE is worth to apply in a form of 
Design 1. 

While TIL cooperates with ventilation directly by cooling an air in pre-cooler (Design 2) 
what is less effective than in case where Design 1 is concern, it still gives significant virtue. Design 2 
is especially attractive to lower the exploitation costs of air handling unit in a case, where the house 
is already built one and where mechanical ventilation and house heating systems already exist. In 
such a case it may be hard to implement a proper cooling system which distributes the cool prop-
erly over the building or its implementation would occur as not worth to do it, because of higher 
investment expenses than exploitation benefits in the certain period of time. Thence, purchasing 
just the additional heat recovery unit and linking it with BHE would be easier and more cost 
friendly.  
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3 The analysis of  usefulness of  
Energy Capsules and different 
dri l l ing types of  boreholes in 
Polish conditions 

3 . 1  T h e  m o s t  c o m m o n  d r i l l i n g  t y p e  i n  P o l a n d  

As it was mentioned in the introduction, the main type of drilling a borehole so that it will 
serve as a heat source/heat sink for GSHP in Poland is the one using the drilling mud based on wa-
ter, mainly a bentonite one. Although many other types of drilling are also in use to some extent 

when no drilling through different water layers is needed and the depth       , this thesis will 
focus only on situation, where drilling through aquifers is concerned. Thus, while the way of pro-
tection from possible leakage has to be concerned, the most common type of drilling in Poland is a 

mud rotary drilling. The analysis is based on a standard U-pipe BHE with       of depth, which is 

composed of             PE pipes. The borehole diameter is equal to        when sealing 

with energy capsule is concerned, otherwise a standard borehole diameter of        is taken into 
account. 

3 . 1 . 1  R o t a r y  d r i l l i n g  w i t h  d r i l l i n g  m u d  ( M u d  R o t a r y )  
Rotary drilling is a method where a sharp, rotating bit is used to drill a borehole in the ground. 

A concept with drilling mud is quite easy - fluid is forced to flow down through drilling pipes by a 
circulating pump. When it gets to the bit, it flows out of it through the bit’s ports or jets. Some 
amount of the mud grouts the borehole, while the rest carries the cuttings out from it. This type of 
circulation of a mud is called a direct circulation and is suitable for boreholes with diameter less 

than        and for unconsolidated and consolidated formations up to         compressive 
strength (GEOTRAINET, 2011). The inversed way of fluid movement can also be used (reverse 

circulation) what allows drilling a borehole with wider diameters (above       ) in softer ground 
formations (unconsolidated). Operation of drilling method being described is presented in Figure 3-
1. 

 

Figure 3-1. Mud rotary drilling 
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The rotary drilling with drilling mud based on water can be used to nearly every depth of bo-
rehole and nearly every kind of soil or rock. This kind of drilling is in fact the most applicable one, 
when unconsolidated formations are encountered. The general disadvantages of this method are:  
slow penetration rate in consolidated formations and low effectiveness (in comparison to air drill-
ing, where we need significantly less compressor power to achieve the same effect (Wójcik, 2010). 
Air drilling will be described in Section 3.4), quite significant amount of bentonite needed to pur-
chase and water to mix with it and therefore, expensive costs.  

After the borehole is drilled and the heat exchanger put inside the hole, a proper process of 
the grouting begins. This process is usually carried by pumping the grouting material inside the 
empty space between the heat exchanger and the ground. There are many different sealing materials 
from cement and enhanced thermal grouts to solution of silica bentonite. The bentonite used dur-
ing the drilling process can’t be the only one sealing material, because its state varies depending on 
the ground water content – it can e.g. have a form of a gel when formations are rich in water. Un-
fortunately, such situations when bentonite alone is used are not singular cases. Since the grouting 
material has to be pumped down over the borehole, the drillers use the same pump which provides 
the bentonite circulation during the drilling, very rarely a special grouting device. This is the main 
reason, why other types of drilling are not exerted, while they always need that additional cementing 
unit or a pump for fluid with higher density than water. Many professional drilling Polish compa-
nies don’t even have in their machine park other types of drilling machines than rotary ones, what 
doesn’t allow choosing a proper method of drilling according to at least ground type and costs. The 
lately developed thin hose called energy capsule manufactured by a Swedish company (PEMTEC), 
can change the current state in Poland, making it possible to implement more efficient and cheaper 
drilling methods for consolidated formations like down hole-drilling based on water- or air-driven 
down hole hammer. Of course if the capsule would be tight enough to live up to expectations. 

The most common price for drilling a     of borehole with diameter of        by a means 

of mud rotary method is equal to       (      ), when unconsolidated formations are taken into 

account.2 However, the cost can be much higher, up to        (    ) if the drilling has to be car-
ried through rock formations. 

3 . 2  S e a l i n g  a  b o r e h o l e s  w i t h  e n e r g y  c a p s u l e s  

All chapter 3 concerns only a situation when energy capsule is used to seal a U-pipe Borehole 
Heat Exchanger. 

The energy capsule (Figure 3-2) is a new idea to seal a borehole so that no water flow between 
different aquifers has a place. After the drilling, the bottom weight attached to energy capsule in a 
slim form is put into the hole previously secured with additional casing pipe usually with a diameter 

of       . Casing pipe is used just for the first meters of the borehole. The hose is step-by-step 
unrolled, while the weight is slowly moving down. Next, the energy capsule is filled with water and 
the heat exchanger is put inside with a help of its weight. The hose full of fluid accurately fits to the 

surrounding borehole wall (borehole diameter is approximately equal to       ) or casing pipe, 
thanks to the hydraulic overpressure inside the capsule. 

                                                      

2 Approximate cost of drilling without wages. Information received thanks to kindness of Serwis Robót Wiertniczych SRW company 
(Poland) 
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Figure 3-2. Energy capsule (green color) with its weight before mounted into the borehole (Andersson, 2010). 

 

The low thickness of the capsule (      ) and usage of pure water have a significant impact 
on borehole thermal resistance. The water movement causes the intensification of the heat transfer 

inside the BHE, thus it lowers borehole thermal resistance. It has been proved, that     for such a 
case is lower than when a normal bentonite type grout or thermally enhanced one is used, showing 
the value nearly the same as if there was an empty spaced instead of grouting material. Conducted 

TRT have shown value of                 if the volumetric flow is         (PEMTEC, 
2010). However, the company does not provide the precise information what type of thermally en-
hanced grout was used in above comparison. 

As far as thermal conductivity of energy capsule as a grouting material is concerned, it can be 

assumed that it’s equal to the thermal conductivity of the water (           ) since impact of 
thin plastic hose is negligibly small. 

The limited protection ability of this sealing technology against leakage while two or more dif-

ferent groundwater levels are encountered is the existence of pressure difference higher than       
between various capsule sections (Andersson, 2010). This can be interpreted as a disadvantage, but 
other sealing types never provide any information about their tightness. Tightness in the energy 
capsule can be easily verified by checking a water level in the borehole. 

As far as the only needed additional equipment to seal a borehole is a pure water pump (if we 
exclude a situation when we possess a mud rotary drilling machine which already is equipped with 
mud pump), the described method of leakage prevention can be connected with any kind of drilling 
type with the lowest additional costs than it was possible so far. This situation is very favorable for 
Polish drilling companies, which were as yet probably guided by a logic that buying other kind of 
drilling machine than a mud rotary one would be no-prospective, since although the prices of drill-
ing for a customer for some cases are more expansive, the machine has a function of grouting de-
vice as well, so that the additional cost doesn’t have to be considered. Moreover, the quick and easy 
installation procedure makes it more friendly for people who performs it and allows saving the 
time, what in fact means saving the investor’s money.  

3 . 3  C o m p a r i s o n  o f  d i f f e r e n t  g r o u t i n g  m e t h o d s  

 

Thermal conductivity as well as costs of grouting with thermally enhanced grout or with 
energy capsule are presented below in Table 3-1. Thermally enhanced grouts which were used in 

table below are: Thermal Grout Lite (for   values from      to     ) and Thermal Grout Select 
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(for   above     ), both based on bentonite and produced by GeoPro, Inc. (GEOPRO). More de-
tails about them can be found in product information (GEOPRO, 2007). 

Table 3-1. Comparison of overall material costs for different grouting methods. For sealing with energy capsule bore-

hole diameter is at a level of       , while for sealing with thermally enhanced grout borehole diameter is       . 

Grouting method 
  

       

Cost 

       
Cost 

      

HE 
cost3 

       

HE 
cost 

      

Overall 
cost 

       

Overall4 
cost 

      

Grouting with 
thermally en-
hanced grout5 

0,73 2,6 0,7 

15 3,75 

17,6 4,41 

0,78 5,2 1,3 20,2 5,06 

0,99 6,3 1,6 21,3 5,32 

1,19 6,8 1,7 21,8 5,46 

1,37 7,3 1,8 22,3 5,57 

1,52 7,7 1,9 22,7 5,67 

1,73 7,9 2,0 22,9 5,73 

1,85 8,9 2,2 23,9 5,97 

1,97 9 2,2 24 5,99 

2,08 9,1 2,3 24,1 6,03 

Grouting with en-
ergy capsule 

0,6 - - - - 276 7 

 

It is clear that sealing with energy capsule is not only the most expensive grouting method 
from the ones presented in Table 3-1 during the investment phase (the installation costs were not 
considered, since wages can vary from company to company as well as from country to country), 
but it theoretically also has the lowest conductive heat coefficient. Despite of that, since only the 
water is used, its convection in the borehole intensifies the heat transfer, so that lower borehole 
thermal resistance is received than for any other sealing methods even when thermal enhanced 
grout is concerned (PEMTEC, 2010), thus, the borehole performance is better, what could be es-

pecially effective and visible in large systems applications. However, in the mentioned paper the   
of thermally enhanced grout is not given, so it can be supposed that only for the basic one (pre-

sented in Table 3-1 with conductivity at a level of           ) this situation exists. 

                                                      

3 in a form of U-pipe. Cost with U-turn and weight. Information received thanks to kindness of Muovitech AB (Sweden) 

4 the overall costs without wages (the installation cost is not concerned) 

5 costs and thermal conductivities of different thermally enhanced grout received thanks to kindness of GeoPro, Inc. (US) 

6 approximate cost of energy capsule, heat exchanger in a form of U-pipe, U-turn, two weights, casing pipe insulation and casing cap. In-
formation received thanks to kindness of PEMTEC AB (Sweden) 
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3 . 4  T h e  m o s t  c o m m o n  d r i l l i n g  t y p e s  i n  S w e d e n  

3 . 4 . 1  D o w n  h o l e - d r i l l i n g  b a s e d  o n  w a t e r - d r i v e n  d o w n - h o l e  h a m m e r  
This type of drilling invented in late 1990s in Sweden, firstly exerts a pressurized water to 

power a hammer tool which converts the received energy into a piston movement. The piston 
passes the energy further to the bit and eventually to the drilled ground. This part of the drilling op-
eration is in fact a percussion drilling. The drill bit is composed of buttons (Figure 3-3), which are in 
fact the parts doing the drilling job. While the ground is being defragmented in places where but-
tons works, their position has to be switched to create a new drilling position and to continue the 
drilling progress. This is a place where the rotary movement takes an action. Since percussion and 
rotary movements are used, this type of drilling is marked as a roto-percussion drilling. 

 

Figure 3-3. Water driven hammers used in down hole - drilling (Tuomas, 2004). 

 

The water circulation in the down-to-hole (DTH) drilling is performed in nearly the same way 
as for rotary drilling, so both direct and reverse systems exist (small difference appears in reverse 
circulation, but since this thesis is not focused on such details, it is not worth to mention it here). 
The diameter formats for mentioned circulating types are the same, but direct circulation is used ra-
ther in a condition like a small occurrence of water, strongly consolidated formations and great 
depths, while reverse one – high occurrence of water and formations either consolidated or not 
(however drilling in unconsolidated formations is not recommended), respectively. 

DTH water hammer is currently the fastest drilling method amongst all other (twice as fast as 
down hole-drilling based on air –driven down-hole hammer), what indicates its low prize. Further-

more, this kind of drilling is characterized by low energy consumption (    less than mentioned 
type of air-drilling), dust free environment and the capability to penetrate nearly every depth even 
through a hard rock or when rock formations rich in water occur, what is the main limit of me-
thods in which air as a working fluid is used air-drilling (Nordell et al, 1999). For such drilling types 
the air is either used to carry the cuttings out from the hole (air-rotary), either to do that and to 
power a drilling tool (DTH air hammer). More details about air-drilling methods will be given in 
following sections. 

The disadvantage of down hole-drilling while a hammer is powered with water, is a big 
amount of mentioned working fluid required (more water is normally required than the air, while 
comparing those two types of the down-hole drilling). It should preferable have a high quality and 
the mixtures which could grout the borehole during the whole penetration process are unfortunate-
ly not allowed (Tuomas, 2004). All in all, this kind of drilling is the best possible choice to prepare a 
borehole for BHE installation when the needed amount of water is available and when the forma-
tions rich in water are encountered. The cost of described method connected with direct circulation 

is approximately equal to         (      ) (Nordell et al. 1999). 
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3 . 4 . 2  D o w n  h o l e - d r i l l i n g  b a s e d  o n  a i r - d r i v e n  d o w n - h o l e  h a m m e r  
The only difference between the operation principle of this type of drilling and the one de-

scribed in the previous section is that it uses an air instead of water to power a hammer tool. Usage 
of different fluid causes of course, that the inner hammer construction is a little bit different. Ex-
ternally it looks very similar (Figure 3-4). As far as fluid circulation is concerned, the same circulation 
types as already presented are taken into account. 

 

Figure 3-4. Air driven hammer used in down hole - drilling (AWDS, 2011). 

 

Drilling based on air as a driving force of the hammer is still the most common type of drilling 
in Swedish conditions, because of its lower price than down hole-drilling based on water - approx-

imately         (     ) (the value is based on cost analysis performed by (Nordell et al, 1999)) 
and the air availability in every location. The reason why a rock penetration with air hammer is 
cheaper, is that the water driven hammer has short lifetime, high price as well as its sparing parts 
are very expensive. The cost of water hammer per a meter of drilling is approximately equal to 

             , while the cost of air hammer –              (Nordell et al, 1999). 

 The speed of air drilling is at a very high level (especially in hard rock formations), giving this 
type of drilling a second location as the fastest penetration method to every kind of rock. However, 
this method is not recommended to drill unconsolidated formations (like loose sand, gravel, etc.) 
and is limited when water-rich formations in the rocks exist. Water rich formations shorten a possi-
ble depth of a borehole what comes from a fact that normally used air compressor is not strong 
enough to provide the demanded pressure in water conditions. Therefore, the maximal drilling 

depth when fractured rock rich in water appears is about       (Nordell et al, 1999), when nor-

mally the maximum drilling depth is limited to        (according to limited capacity of air com-
pressor to drive the hammer). Also, the accuracy of air drilling is smaller, than in a case where 
down-hole drilling based on water is used. Air used as a flushing fluid causes greater ground erosion 
in the hammer proximity than water, what is the reason why higher possible deviations in borehole 
verticalness can occur, definitely not favorable for GSHP operation. Thus, while large systems are 
considered, a risk for crossing one borehole with another always exists, so drilling with air should 
rather not be performed. 

Nevertheless, air-based drilling is the best choice to drill trough consolidated structures for 
most cases while no rich water formations are encountered, since the price is usually the fundamen-
tal factor. Drilling with air powered hammer could be very useful in Polish conditions (so as it is in 
Swedish), especially in the South of the Poland. 

3 . 4 . 3  R o t a r y  d r i l l i n g  w i t h  a i r  
Rotary drilling with air as a drilling mud operation principle is the same as rotary drilling with 

drilling mud based on water, but instead of water the air is used to transport the cuttings out from 
the borehole. The same circulation types are used under the same conditions as in Section 3.1.1. The 
only difference worth mentioning is that while a heart of mud rotary drilling is a pump, which 
pumps the mud to/out from the hole, the heart of air rotary drilling is a compressor providing the 
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movement of the air. Method being described is demonstrated in Figure 3-5, where the compressor 
can be found on the left side of picture (white color). 

 

Figure 3-5. Air rotary drilling (ROBERTS, 2011). 

 

Since the air is used, this drilling method is not recommended to drill unconsolidated forma-
tions as well as the same problem with water rich formations occurs (exactly as it was in Section 
3.3.2), but it has generally fast drilling rate while rocks are concerned. This type of rotary drilling is 
much cheaper than the one based on water solution when consolidated formations are concerned, 

according to fast penetration through different types of rocks. Thus, the cost per     of borehole 

is equal to          (       )7. 

3 . 5  C o m p a r i s o n  o f  d i f f e r e n t  d r i l l i n g  t y p e s  

 

Different drilling methods with their respective penetration rate for various types of forma-
tions and costs are placed in Table 3-2. All given prices should approximately be the same for Swe-
den and Poland since wages during drilling and grouting process are not included as well as grout-
ing material, energy capsule and heat exchanger prices are only the material costs.   

  

                                                      

7 Approximate cost of drilling in consolidated formations (but not in hard rock). Information received thanks to kindness of Uni-Tech 
Drilling Co., Inc (US) 
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Table 3-2. Comparison of possible costs of different drilling types with grouting and heat exchanger in Poland. Com-

parison based on boreholes with       of diameter (rotary drilling) and        in other cases. 

Drilling 
Grout-

ing8 

Energy 
cap-
sule 

Heat 
Ex-

chan-
ger 

Overall 
cost per 

   

Type 

Penetration rate through different formations 

Cost 
per 

  9 

Cost 

per    

Cost 

per    

Cost 

per    
Unconso-

lidated 
formations 

Consolidated formations 

Rock 
Hard 
rock 

Water 
rich rock 
forma-
tions 

Rotary 
drilling 

with 
drilling 

mud (di-
rect cir-

culation) 

Fast Slow Slow Slow 
      

         

       
        

Not 
used 

      
         

        
       

DTH 
water 

hammer 

Not 
recom-
mended 

Fast Fast Fast 
      
       

Not 
used 

      
      

      
       

DTH air 
hammer 

Not 
recom-
mended 

Fast Fast 

Slow  
depth up 

to       

      
      

Not 
used 

      
      

      
         

Air rotary 
drilling 
(direct 
circula-

tion) 

Not 
recom-
mended 

Fast 
Me-
dium 
speed 

Not rec-
om-

mended 

       
       

Not 
used 

      
      

       
       

 

It can be seen that in above Table 3-2, the normal grouting was not used for DTH water 
hammer and both types of air drilling. Instead of basic thermal grout, EC was used for mentioned 
cases. The reason of this state is that it’s easier to find the capsules implemented with those drilling 
types for which it was chosen, since installation is easy, quick and those plastic hoses need only a 
water pump instead of special cementing device. 

Low prices of drilling by means of DTH water or air hammer make the sealing with energy 
capsule very attractive for a prospective client when penetration of consolidated formations has to 
take place. For such a case the overall price of BHE implementation is lower, when comparing to 
price of mud rotary drilling with the cheapest grouting method, thus it’s possible to take the advan-
tage of water usage and lower borehole thermal resistance while sealing with EC. 

Mud rotary drilling still is the best and in fact the only one solution when unconsolidated for-

mations are concerned (sand, gravel, clay, silt, etc.). Connecting it with        more expensive seal-

                                                      

8 basic thermally enhanced grout with               

9 All prices without wages. The costs refer to situation when drilling type is marked as fast one. 
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ing method by a means of energy capsule than the standard grouting procedure, can be hard for a  
normal, domestic user. For large systems, where small differences give great benefits, energy cap-
sule should definitely be implemented. 

Rotary drilling should not be used to drill through consolidated formations (the exceptions are 

limestone and sandstone), since the drilling prices are commonly leveled to a value of        (    ) 
per meter (this is a precise value which companies offer in the regions of Poland, where there is a 
possibility to encounter a rock like e.g. Podkarpacie). Other type of drilling must be chosen and in 

the worst case it should be a direct air rotary method, which allows saving       of drilling costs 
comparing to direct mud rotary drilling and which is the easiest one to implement instead of mud 
rotary drilling (since the same drilling rig and tools can be used just with an additional compressor 
instead of a mud pump). DTH (Down-to-hole) air hammer gives the best results and the best avail-

able price when consolidated formations exist (drilling costs are reduced by       ), whilst DTH 
water hammer, when hard rocks or water rich formations are encountered (costs are reduced by 

   ), respectively. Below, the algorithm demonstrated in Figure 3-6 shows suggestions, what type 
of drilling should be used for various conditions existing in installation area. 

 

Figure 3-6. Drilling algorithm suggesting the most proper drilling type for specific installation conditions 

 

While the prospective user is more concerned about system performance and the overall cost 
of BHE installation, the drilling companies prefer to think about other issues. The investment costs 
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return after the purchase of a drilling machine with some other additional cementing device, instal-
ling the BHE with as low number of additional tools as it is possible and convenience as well as 
speed during the whole BHE installation process, those are the problems which concern drillers the 
most. If the price of the drilling proposed by the company is lower than price currently present at 
Polish market, it is implicit that the company will gain more clients and the investment costs will re-
turn faster. While energy capsule needs no other additional grouting devices just the pure water 
pump, the sealing process is quick and very easy to perform, so the choice of the mud rotary drill-
ing in every condition just to use the mud circulation pump afterwards to grout a borehole is no 
more a suitable solution. To equip a machine park with at least one additional water hammer tool 
and if necessary with a water pump should be a basic concern of every drilling company, what 
would give great future benefits when sealing boreholes in consolidated formations with energy 
capsules especially in large systems. The current well-known and common tendency to propose on-
ly one type of drilling as well as difficulty in finding at a Polish market companies with other kinds 
of drilling tools than rotary one must be changed, at least in the South of Poland, where consolidat-
ed formations appear frequently. 
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4 Different g round types as heat 
sources for GSHPs in conditions 
of  Poland 

4 . 1  G e o l o g y  o f  a r e a s  b e i n g  a n a l y z e d  

Five different Polish areas represented by five different cities and their proximity are going to 
be investigated. Also one Swedish area is going to be analyzed for a comparison purpose. For every 
investigated area only the most common ground types are chosen and used in a simulation. Polish 
geological details were acquired from Geological Map of Poland (PIG, 2006), while Swedish geo-
logical details were acquired from Geological Survey of Sweden (SGU, 2011). Unfortunately, map 
showing groundwater levels in different regions of Poland is not available as a free source. Thus, 
hydrogeology near Polish cities won’t be mentioned in this chapter. 

Most values used for geological simulations were acquired from Energy Earth Designer. Oth-
erwise, if the figures were taken from some other source than simulation software, the reference is 
given. 

4 . 1 . 1  G d a ń s k  
Geology of the Gdańsk and its vicinity is influenced by the youngest glaciation from those, 

which have taken place in Poland (The Pomeranian Phase of Vistulian Glaciation). The ground 
types were brought here since Holocene (Quaternary). The types of the soils present at this area 
with values of thermal conductivity recommended by Earth Energy Designer EED are: lake sands 

(                 ), silts (         ), clays (         ) and gyttjas (         ). Sands, 

silts and clays were assumed as moisted ones. The mean value from all above mentioned ground 

thermal conductivities was used in the simulation (         ). The values of volumetric heat ca-

pacity (               ) are:            ,            ,              and            , re-

spectively. Once again the mean value was used (           ). According to Equation 1-4, values 

of         and                 typed in simulation software allows calculating the ground ther-

mal diffusivity,        . 

The annual average temperature at earth’s surface is assumed to be the same as annual average 

air temperature and according to Polish Norm PN-B-02025 is equal to     .  

Calculation of undisturbed ground temperature for half of the borehole performed by EED is 
based on ground surface temperature, thermal conductivity of the ground and geothermal heat flux 
(BLOCON, 2008). Geothermal heat flux represents the amount of heat coming out from Earth 
and can vary widely, depending on thermal conductivity of rocks at large depths and geothermal 
gradient specific for different locations. Since EED doesn’t provide its value for Gdańsk, it has to 
be taken from some other source. The International Heat Flow Commission gives heat flux mea-
surements from 51 Polish Cities, unfortunately Gdańsk is not amongst them. Therefore, the value 

of              for nearest measurement point, located in Żarnowiec (IHFC, 2011), small 

city settled       far from Gdańsk was taken. 
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Figure 4-1. Gdańsk location (Google Maps) 

4 . 1 . 2  P o z n a ń  
Geology near Poznań city as its territory was shaped by Last Glacial. The ground types present 

at described area are: tills, weathered tills, glacial sands and gravels and they originate from Pleisto-

cene (Quaternary). Their mean value of thermal conductivity is equal to           , when sands 
and gravels are assumed to be saturated. Mentioned types of ground are probably the most com-

mon ones present in Polish geology (something about     from all ground types). The mean value 

of volumetric heat capacity is at a level of              . The annual average temperature at 

earth’s surface is      and the geothermal heat flux is equal to          . 

 

Figure 4-2. Poznań location (Google Maps) 

4 . 1 . 3  W a r s z a w a  ( W a r s a w )  
Since the Warsaw city is settled near the Wisła River, ground types at large area around the city 

are influenced by river’s activity. The types present here are: fluvial sands, gravels, muds, peats and 
organic silts. They come from Holocene (Quaternary) and were carried during the Wartanian Glaci-

ation. Mean values for those grounds types are:                   ,                 

             and            . The annual average temperature is equal to     . 
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Figure 4-3. Warsaw location (Google Maps) 

4 . 1 . 4  K r a k ó w  ( C r a c o w )  
The main type of ground around the Cracow which is widely present in geology of Southern 

Poland and which was firstly chosen to simulation was loess. Loesses were formed there in Quater-
nary. Since EED doesn’t provide any information about them, the needed values were assumed at a 

level of                   ,                             according to (KangNing et 

al, 2000). Unfortunately, since the thermal diffusivity for such values is very low, the simulation 
software was not able to find a possible solution of heat source installation for GSHP purpose. 
This situation implies that GSHP installations should not be performed at areas where mentioned 
ground type is present. Therefore, because Cracow city is settled near the Wisła River, some ground 
types existing at its territory are also the same as those for Warsaw (fluvial sand, gravels, muds, 
peats and organic silts). Those types of ground were eventually used in this analysis. Values of 
thermal conductivity and volumetric heat capacity are assumed at the same level as for previous sec-

tion:                   ,                             . The annual average tempera-

ture at earth’s surface near Cracow is      and the geothermal heat flux is equal to          . 

 

Figure 4-4. Cracow location (Google Maps) 

4 . 1 . 5  Z a k o p a n e  
Zakopane is the city in the South of Poland, situated very near to the mountains. The rocks 

which exist here (sandstones and shales) are one of the oldest ground types present at Polish terri-
tory. They originate from Paleogene (Cenozoic) and they are widely spread over the rough areas of 

Poland.                   ,                             , the annual average temper-
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ature at earth’s surface is assumed to be the same as the annual average air temperature and it’s at a 

level of      (z-ne.pl, 2011). Geothermal heat flux according to The International Heat Flow 

Commission’s database is equal to            (IHFC, 2011). 

 

Figure 4-5. Zakopane location (Google Maps) 

4 . 1 . 6  S t o c k h o l m  
Stockholm geology is mainly composed of sedimentary rocks like sandstone, greywacke, clay 

shale etc. and for those the simulation will be conducted. The mean values of thermal conductivity 

and volumetric heat capacity are:                   ,                             . 

The annual average temperature at earth’s surface is equal to      and geothermal heat flux has a 

value of          .  

Swedish Geological Survey shares basic information about groundwater level in various parts 
of Sweden. The groundwater level near Stockholm is denoted as “above norm” (SGU, 2010). 

 

Figure 4-6. Stockholm location (Google Maps) 

4 . 2  A s s u m p t i o n s  

All simulations in different areas will be made for the same building, which is a Q-Med facility 
for medicine manufacture, originally located in Uppsala, Sweden (Figure 4-7). Its total area is equal 

to        . Winter and summer heating and cooling loads are presented in Table 4-1. The period 

of simulation is    years. 
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Table 4-1. Heating and cooling loads of analyzed building 

Type of load Capacity      Annual energy load       

Heat load (winter)         

Heat load (summer)        

Cool load (winter)        

Cool load (summer)         

 

 

Figure 4-7. Chosen building general overlook 

Heat carrier fluid is a     solution of Monoethylenglycole. Its properties are given in Table 
4-2 and they were delivered by simulation software. The fluid temperature constrains are assumed 

to be: the lowest temperature:     (the minimal temperature of the brine according to its usage 

limitation (Dimplex, 2008)), while the highest:     (the same as for Chapter 1 for summer de-
signs).  

Table 4-2. Properties of     solution of Monoethylenglycole (EED) 

Thermal conductivity               

Specific heat capacity               

Density              

Viscosity                 

Freezing point         

 

Seasonal Performance Factor (SPF) is assumed at a level of    . Proportional monthly profile 
of base load is showed in Table 4-3. The profile assumes minimal heat demand during summer sea-

son at a level of       from overall heat load of         per year (        ) and minimal 

cool demand during winter season at a level of       from overall cool load of         per year 

(        ). Those minimal values were established according to technological purposes of the 
building. The summer and winter profiles were designed in a reference to Polish climatic conditions 
based on Polish Norm PN-B-02025. Nevertheless, since the purpose of the simulations is to eva-
luate the influence of geology on the GSHP system design, the same load profile was used for all ci-
ties despite their different geographical latitude. The peak loads for chosen building were not consi-
dered in the simulations.  

Table 4-3. Monthly profile of analyzed building for heat and cool load expressed in     
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Load Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Heat 14,7 14 11,9 9,4 6,1 1,7 1,7 1,7 5,8 8,3 11,1 13,6 100 

Cool 6,5 6,5 6,5 6,5 8,5 11,1 12,2 12,4 9,8 7 6,5 6,5 100 

 

Figure 4-8. Base load graph of analyzed building 

Figure 4-8 shows the base load graph of analyzed building. Total base load line is a load of 
GSHP expressed as a heat load decreased by cool load. Earth base load line is a line which presents 

a load of earth itself as the Seasonal Performance Factor is equal to    . The shape of the line is 

achieved by multiplying heat load by     (since such an amount of heat comes from the ground), 

multiplying cool load by     (since such an amount of heat is rejected to ground where     comes 
from compressor operation) and adding the received values together, where cool load is considered 
as a negative figure. 

Standard single U-pipe Borehole Heat Exchanger  is used. It’s composed of two             

PE pipes (              ) with       of space between borehole’s shanks. Volumetric flu-

id flow is assumed at a level of        , so a typical value for U-pipe BHE. Borehole diameter is 

       wide and the grouting material is a basic thermally enhanced grout with value of thermal 

conductivity              (Table 3-1). Overall contact thermal resistance between borehole’s 
pipes and filling material, and between filling material and surface of borehole wall is assumed to be 

                       , a typical value when pumping the grout into hole is done diligently 
(BLOCON, 2008). 

For a comparison purpose, let’s assume that for every case the same drilling type (direct mud 

rotary drilling) is used, with overall cost of installation        (    ) per meter (Table 3-2), whilst 
the cheapest thermally enhanced grout is used. This situation is in fact very probable, since the ex-
isting ground types at analyzed area are quite suitable for mentioned drilling method. Moreover, 
while the goal is also to compare the costs of heat sources in different locations, this assumption 
will clarify the results significantly. 

Since Energy Earth Designer gives many possible solutions of boreholes number, depths, 
spacing, etc, main criteria evaluating arrangement feasibility are low overall cost of BHEs imple-
mentation and low land area needed for the boreholes configuration. 
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4 . 3  S i m u l a t i o n s  r e s u l t s  

EED found many possible solutions of how to design the systems. Only the best configura-

tions (with land area not exceeding         and possibly the least expensive) advised by software 
were taken into account.  

Table 4-4. Basic information about designed systems in different locations 

Geological 
location 

BHE 

Depth 

    
Number 
of BHEs 

Total 
length 

    
Configuration 

Land 
area 

     

 Total cost 
(drilling, grout-

ing & HE)    10 

Gdańsk 50 176 8820 1 4644 194045 

Poznań 60 117 6983 2 4864 153636 

Warsaw 50 188 9436 3 4968 207582 

Cracow 53 205 10791 4 4000 237411 

Zakopane 51 87 4437 5 3584 97614 

Stockholm 50 104 5192 6 3697 114231 

 

Table 4-5. Configurations of BHEs 

Nr Configuration 

1 

 

 

2 

 

 

3 

 

 

4 

 

                                                      

10 Total cost calculated by simulation software when a total price of      per meter of borehole was given 
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6 

 

 

The total cost strongly depends on boreholes depth and their number (Table 4-4). The over-
all borehole length is the best parameter indicating the cost of installation, since a clear relationship 
occurs (Figure 4-9). The lowest investment cost at a heat source level (the cost of GSHP device was 

not taken into account) acquired with simulation software is equal to         (Zakopane) for 

       of BHEs. The second lowest cost of installation in Stockholm is      higher (so as the 
BHEs total length), while the cost in the third cheapest localization (Poznań) is respectively higher 

by        than investment cost in Zakopane (the same percentage value concerns higher BHEs 
total length). The most expensive area to install BHEs is Cracow and its proximity, which needs 

         (      ) more than Zakopane to acquire/dissipate the same amount of heat from/to 

the ground like Zakopane (    times greater sum of needed money and length). 

It seems that the more consolidated type of ground (like for Zakopane and Stockholm), the 
less expensive the installation of BHEs for cooperation with GSHP. While those simulations were 
focused on one type of drilling in every case, implementing other, cheaper types of drilling in con-
solidated formations (DTH air or water driven hammer), could give a significant benefit making the 
GSHP installations for Zakopane and Stockholm even more investment friendly. 

 

Figure 4-9. Costs of BHEs for different localizations 

 
 Land area for different BHE installations has generally a logical tendency (the more bore-

holes needed, the larger land area and the higher depth of boreholes, the bigger spacing between 
them). Total cost of installation at a larger area is higher than on the smaller one, what directly 
comes from the depth and number of boreholes. Spacing between boreholes and the number of 
rows has influence on the total cost too, however since that cost is represented by the price of the 
ditch per unit length, it was not taken into account in those simulations. The reason is that the cost 
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of a ditch expressing the amount of excavator work is a hard issue to determine. It’s implicit that if 
it was considered, the total cost would be higher (especially for configuration marked as nr 4 in Ta-
ble 4-5 for Cracow), but it wouldn’t be a considerably different value, strongly influencing the re-
ceived results. 

The rectangle shape of heat source installation dominates (Table 4-5), what comes from a 
fact that this type configuration allows packing many boreholes in a one place at not so large area. 
Though many other options for system arrangement are also possible, it seems that the easiest one 
is the best solution in most cases.  

 

Figure 4-10. Ground thermal diffusivity for different locations 

Good geological conditions are characterized by high ground thermal diffusivity (high ther-
mal conductivity and proportionally low volumetric heat capacity) as well as low ground thermal re-
sistance. Since the highest values of ground thermal diffusivity (which defines the speed of collect-
ing/dissipating the heat) presented in Figure 4-10 exist respectively for Zakopane, Stockholm and 
Poznań, there is no surprise that those cities have the best specific heat extraction and injection rate 
presented in Figure 4-11.  

As it was mentioned before, the heat extraction rate in fact represents the effectiveness of a 
heat source. According to received virtues we can sort the usefulness of various ground types from 
the worst to the best one. Figure 4-11 gives also very good information about cost relations between 
different localizations, since the worst ground type, the less amount of possible heat to col-
lect/dissipate, so the BHE installation has to be larger and so more expensive. 
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Figure 4-11. Specific heat extraction rate chart for different months and locations 

Cracow, Warsaw and Gdańsk curves of specific heat extraction rate     are quite similar to 
each other but they are not as favorable as previously described ones, according to low thermal dif-
fusivity of unconsolidated ground formations which exist at mentioned areas (sands, gravels etc.). 
This situation indicates why the heat source installations near those cities have to be larger to ob-
tain/reject the same needed amount of heat/cool and so why they are more expensive. 

Figures 4-12 and 4-13 represent mean fluid temperatures after simulation period of   and    
years. It can be noticed that mean fluid temperatures are slowly increasing while years of GSHP op-
eration pass. This phenomenon whereas being positive issue in heating season (increased COP), is a 
negative situation in summertime (higher temperature of secondary fluid possible to achieve what 
decreases the cooling efficiency of BHEs) and is influenced by more heat rejected to the ground 

than extracted from it (by        per year) 

 

Figure 4-12. Mean fluid temperature chart for different locations (year 2) 
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Figure 4-13. Mean fluid temperature chart for different locations (year 25) 

The shapes of curves during summertime (June, July and August) are quite similar. After    
years of simulation the same maximum value of mean fluid temperature at the end of August 

(     ) appears. Still, since the annual average temperature at earth’s surface is the highest for 
Cracow, that city has the best shape of the mean fluid temperature curve for GSHP heating opera-

tion. Its minimal fluid temperature after    years is equal to       . While the Zakopane and 
Stockholm annual average temperatures are the lowest, their curves of fluid temperature are the 
most sloped and the temperatures of secondary fluid used for heating purposes are the worst. Their 

minimal fluid temperatures after the simulation period are equal to       and       , respective-
ly.  

Despite the fact that for all investigated in this chapter situations the Cracow has the higher 
investment costs according to poor thermal ground properties, its operating costs in heating season 
are the lowest, since the highest evaporating temperature (so as COP) is achieved (Figure 4-13). The 

mean fluid temperature during    years of simulation in heating seasons is approximately higher by 

    than the mean fluid temperature for Zakopane, what indicates            higher by      

     at Cracow area. In summertime the brine’s temperature is more or less the same for all ana-
lyzed localizations. 

Whilst impact of annual average temperature at earth’s surface on mean secondary fluid 
temperature is obvious, position of Poznań area curve in Figure 4-13 representing the period of 25 

years of GSHP operation is not so clear, since its annual average temperature is equal to       and 
is higher than that equivalent for Warsaw. The one possible explanation is that a big size of a heat 
source installation influence the temperature of secondary fluid too, increasing temperature to grow 
faster during the passing years of BHE usage, while the unbalance with heat proportion in the 
ground occur. The relation between the boreholes total depth and the position of the mean fluid 
temperatures curves to each other seems to confirm the situation. Therefore, despite higher costs 
of the larger BHEs ground installation, the secondary fluid temperatures in it are more favorable in 
heating season, so the exploitation costs are in the fact less expensive. Unfortunately in cooling sea-
son the situation is inversed, so the cooling performance of BHEs is smaller.  

Figure 4-14 presents the changes of annual minimum and maximum mean fluid temperatures 
for Gdańsk localization. Gdańsk area was chosen as an example to illustrate the changes of fluid 
temperature occurring during the years of heat pump operation. The same general tendency exists 
for all localizations. 
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Figure 4-14. Minimum and maximum annual mean fluid temperatures for Gdańsk localization 

It can be observed that after the first year the annual temperature drastically falls for minimum base 
load (which represents GSHP operation during the heating season) and rises for maximum base 
load (respectively representing the cooling season). This is the normal situation for the heat extrac-
tion and rejection during the initial work of the geothermal system. Starting from the second year 
the temperatures slowly increase what is happening according to lack of proportion between 

amount of heat extracted and rejected. During    years of simulation the minimum temperature of 

secondary fluid rose from        to        what shows a change at a level of       , whilst the 

maximum fluid temperature rose from         to      (      change). It is implicit that accord-

ing to present tendency after    years the maximal fluid temperature would exceed the assumed 

constrain of     , causing decrease of cooling performance of GSHP. To avoid such a situation 
and extend system lifetime an ancillary cooling device (e.g. cooling tower) should be used to balance 
the earth’s heat load. 

To check the alternative solutions different than the optimal one EED has proposed, a 
comparison for one chosen location will be made. Since Cracow seems to be the most interesting 
case, its secondary fluid temperatures and costs are going to be investigated for such heat source in-
stallation shape: the greatest single borehole depth, the smallest land area, the greatest total BHE 
depth, the largest land area, the smallest single borehole depth and the smallest total BHE depth. 
Characteristic depth, number of BHEs, total length, land area and total cost respective for cases be-
ing analyzed are demonstrated in Table 4-6. 
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Table 4-6. Different possible cases of heat source installation for Cracow 

Investigated case 

BHE 

Depth 

    
Number of 

BHEs 

Total 
length 

    

Land 
area 

     

Total cost (drilling, 
grouting & HE) 

   11 

The greatest single 
borehole depth 

141 112 15794 2250 347467 

The smallest single 
borehole depth 

98 132 12916 2750 284147 

The greatest total 
BHE length 

132 123 16217 2000 356793 

The smallest total 
BHE length 

50 205 10294 7840 226476 

The largest land 
area 

133 117 15530 21600 341671 

The smallest land 
area 

134 114 15573 1850 342597 

Previously chosen 
option 

53 205 10791 4000 237411 

 

 

Figure 4-15. Costs and total BHE lengths for different possible cases of heat source installation in Cracow 

Figure 4-15 demonstrates costs and total length respective for different cases. It can be ob-
served that the chosen option has one of the lowest overall cost as well total BHE’s length. 

                                                      

11 Total cost calculated by simulation software when a total price of      per meter of borehole was given 
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Figure 4-16. Mean fluid temperature during second year of GSHP operation for different possible cases of heat source installation in 
Cracow 

Figure 4-16 represents mean fluid temperature during 2 year of GSHP operation for different 
cases of heat source installation in Cracow. The curves positions seem to be very adequate to heat 
sources costs as well total BHE lengths. Therefore, for most situations we can say that to receive 
more favorable heating medium temperature, thus better performance of GSHP in heating mode 
and to take benefits from cheaper exploitation, we have to pay more at investment level. As far as 
cooling mode is concern, the mean fluid temperatures in summertime look pretty much the same. 

After 25 years of operation they all have the same maximal temperature of        (Figure 4-17). 

 

Figure 4-17. Mean fluid temperature during 25th year of GSHP operation for different possible cases of heat source installation in Cra-
cow. Curves are marked in the same way as in Figure 4-16. 
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5 Simulations on performances of  
different BHEs designs  

5 . 1  A s s u m p t i o n s  

Values used in this chapter were acquired from Energy Earth Designer. Otherwise, if the fig-
ures were taken from some other source than simulation software, the reference is given. 

5 . 1 . 1  L o c a l i z a t i o n  a n d  b u i l d i n g  u s e d  t o  a n a l y s i s  
The simulations will be performed for Gdańsk area and its ground types, characteristic thermal 

properties, temperatures and other data presented in Section 4.1.1. To emphasize the differences, the 
same configuration of BHEs will be used (marked as number 1 in Table 4-5) with the same bore-

hole total length (       ) and number of boreholes (          ) as well as the same building 
and its heating/cooling profile described in Section 4.2. Its properties are the same as already shown 
in Table 4-2. 

5 . 1 . 2  B H E s  d e s i g n s  b e i n g  a n a l y z e d  a n d  t h e i r  c h a r a c t e r i s t i c  f e a t u r e s  
Several Borehole Heat Exchanger’s designs are analyzed: U-pipe with pipes centered in the 

borehole, U-pipe whilst its pipes are located apart, annual coaxial design grouted and in a form of 
Energy Capsule, as well as Thermal Insulated Leg located in the center of borehole and aside. 

5 . 1 . 2 . 1  U - p i p e  B H E  
Two different cases for U-pipe Borehole Heat Exchanger are going to be investigated. First 

case is while pipes are mounted together in the centre of borehole. Second case considered a situa-

tion when pipes are apart. Both cases are presented in Figure 5-1. Borehole thermal resistances     

for both cases are equal to            for pipes centered and            for pipes apart, 

whilst the boreholes are filled with water and volumetric fluid flow is at a level of         (Acuña, 

2010). Thermal conductivity of filling the borehole water is assumed at a level of           and 

contact thermal resistances pipe/filling and filling/borehole wall are equal to  . Additionally, the 
heat transfer inside the borehole is assumed to occur only by a heat conduction. Borehole has a di-

ameter of        and U-pipe is composed of two             PE pipes. A secondary fluid is a 

     ethanol aqueous solution. Its properties are shown in Table 5-1. 

 

Figure 5-1. Pipes together centered (on the left) and pipes apart (on the right) (EED). 
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Table 5-1. Properties of      ethanol aqueous solution (Melinder, 2007) 

Thermal conductivity               

Specific heat capacity               

Density              

Viscosity                 

Freezing point        

5 . 1 . 2 . 2  A n n u l a r  B H E  
The cases which are going to be investigated for annual coaxial BHE are: a situation when 

BHE is grouted and a situation when energy capsule is used as a BHE (this design will be called 
Energy Capsule Borehole Heat Exchanger – EC BHE). Borehole thermal resistances are respec-

tively equal to            (GEOTREINET, 2011) and            (Acuña, 2011), whereas 

the volumetric flow is        . Both designs and their dimensions are pictured in Figure 5-2. The in-

ner tube for both cases is a standard             PE pipe. For those installations water is a sec-
ondary fluid collecting/dissipating heat from/to the ground (Table 5-2). 

 

 
Figure 5-2. Annular coaxial BHE in a form of energy capsule (on the left) and grouted (on the right). Energy capsule (green colour) has a 

diameter of       , while the borehole diameter is       . The outer tuhe in the latter BHE is a             PE pipe. 

Table 5-2. Water properties while its temperature is equal to     (EED) 

Thermal conductivity                

Specific heat capacity               

Density              

Viscosity                  

Freezing point       

 

5 . 1 . 2 . 3  T h e r m a l  I n s u l a t e d  L e g  B H E  
Two possible locations of TIL in borehole are going to be studied - centered and aside. Both 

are pictured in Figure 5-3. For the first mentioned one                , for the second 

               , while volumetric secondary fluid flow has a value of         and borehole 

is filled with water (Acuña, 2011). The borehole diameter is equal to       , the inner diameter 
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of central insulated pipe is       and the diameter at which    tubes are peripherally placed (each 

with diameter of      ) is at a level of      . Since the borehole is filled with water, the contact 

thermal resistances are assumed being equal to  . Secondary fluid circulating in TIL is      etha-
nol aqueous solution (Table 5-1). 

 

 
Figure 5-3. TIL centred (on the left) and TIL aside (on the right) 

5 . 2  S i m u l a t i o n s  r e s u l t s  

For each BHE design values of thermal resistances given in Section 5.2.1 refer to volumetric 

flow at a level of        . Reynolds numbers for respective BHE designs are presented in Table 5-
3. 

Table 5-3. Reynolds numbers for analyzed BHE designs for respective BHE’s tube 

Type of BHE’s tube 

BHE design 

U-pipe 

Coaxial 

Annular 
TIL 

Grouted EC BHE 

Main U-pipe tube 4392 Re - - - 

Central inner coaxial tube - 11190 Re 11190 Re 4392 Re 

Outer annular tube - 23010 Re 5666 Re - 

One of 12 thin, peripherally placed tubes - - - 1074 Re 

 

According to Table 5-3 turbulent regime is acquired in whole U-pipe BHE as well as in both 
annular coaxial designs. For Thermal Insulated Leg Borehole Heat Exchanger two different regime 
types occur. When fluid flows through central insulated pipe the regime is turbulent, while it flows 
through one of twelve, peripherally placed thin tubes – is laminar. 
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Figure 5-4. Mean fluid temperature chart for different BHE designs (year 2) 

After initial change of fluid temperatures for different BHE designs during the first year of 
heat pump operation the temperatures dropped to values which are starting points of curves pre-
sented in Figure 5-4 (in January). Those values in fact represent minimal system temperatures during 
25 years of simulation and the beginning of steady work of ground installation for respective BHE 
type. It can be noticed that from the beginning the BHE with the smaller borehole thermal resis-
tance has the highest temperature for heating season and the lowest for cooling one, the most inti-
mately related to borehole wall temperature (so as to the ground temperature). In above Figure 5-4 
“U-pipe apart” curve is covered by “Annular grouted” curve. 

 

Figure 5-5. Mean fluid temperature chart for different BHE designs (year 25) 
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After 25 years of GSHP operation (Figure 5-5) the temperature change (increase) according to 
unbalanced proportion of heat extracted/rejected (more heat rejected to ground) in a reference to 

year 2 is equal to           for every BHE design in every month. Brine’s temperatures for cen-

tered U-pipe in summertime are very negative, in fact exceeding the constrain of      after second 

year of operation, stopping at value of        for the last 25th year of simulation. As it was men-
tioned before, to sustain the constant cooling output of heat pump and the cooling temperature at 

level of      at least, an ancillary cooling device has to be used and has to supply the GSHP with 
centered U-pipe BHE during the whole period of its operation. It is implicit that to avoid additional 
cost it’s better to choose and invest in more effective designs like Thermal Insulted Leg located 
aside or Energy Capsule BHE. Those designs demonstrate the lowest fluid temperatures in cooling 

season over the whole period of simulation, respectively equal to         and         in the hot-
test month (August) of 25th year and despite the change of temperature, they show lower values in 
the end of simulation period than centered U-pipe in the beginning of it. Still, if a problem with 
balance of heat didn’t occur and the cooling performance was approximately constant for each 
BHE design during the passing years, the centered U-pipe ground system would have the smallest 
cooling output and would be the most expensive one to maintain. 

To precisely compare several different BHE designs and their heating and cooling perfor-
mances, let’s neglect the problem with lack of heat proportion and assume that the temperature is 
approximately constant during the years of heat pump operation, starting from the year 2. In reality 
if no ancillary devices are used, such a situation nearly never appears and temperature changes take 
place. For assumed conditions mean fluid temperatures in heating and cooling seasons with propor-
tional differences between U-pipe with centered pipes (which would act as a comparison model, 
since that BHE type dominates in the ground installations over the world) and other designs are 
presented in Table 5-4. 

Table 5-4. Comparison of different BHE designs 

BHE de-
sign 

Mean fluid temper-

ature     

Mean fluid temp. 
change in comparison 
to Centered U-pipe de-

sign [ ] 

Possible increase of 
COP in comparison to 
Centered U-pipe [%]12 

    

[   
   in heat-

ing sea-
son13 

in cool-
ing sea-
son14 

in heating 
season 

in cooling 
season 

in heating 
mode 

in cooling 
mode 

U-pipe 
centered 

3,9 15,2 - - - - 0,26 

U-pipe 
apart 

4,9 13,7 +1 -1,5 3 4,5 0,11 

Annular 
grouted 

4,9 13,7 +1 -1,5 3 4,5 0,11 

Energy 
Capsule 

BHE 
5,3 13,1 +1,4 -2,1 4,2 6,3 0,03 

                                                      

12 while decrease of condensing temperature/increase of evaporating temperature by     causes     increase of cooling/heating COP 

(for refrigerant R407C). The values are valid for such conditions: condensing temperature        , evaporating temperature    
   . 

13 assumed as December, January, February and March 

14 assumed as June, July and August 
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TIL cen-
tered 

5,0 13,5 +1,1 -1,7 3,3 5,1 0,093 

TIL aside 5,6 12,7 +1,7 -2,5 5,1 7,5 0,018 

 

It can be seen that change of pipes location in U-pipe BHE from center to aside positions 
gives a considerable profit. Unfortunately, it is very hard in practice to obtain a situation when pipes 
are totally apart, so when they have a direct contact with borehole wall. Despite that fact, it is impli-
cit that every spacing between borehole’s legs creating a distance between them and allowing to re-
duce a thermal shunt flow is desirable and should be performed to maximum possible extent, since 
there is a probability that an improved U-pipe design can achieve lower effective thermal resistance 
and therefore better fluid temperatures, nearly the same as for naturally better annular coaxial BHE. 
Unfortunately, a situation when U-loop pipes having spacers end up inside the borehole in a bad 
thermal configuration is also possible, so the whole BHE mounting process has to be performed 
very carefully. 

Better BHE design characterized by lower borehole thermal resistance is especially effective in 
cooling mode of GSHP, since higher performances are achieved than those characteristic for heat-
ing mode for the same BHE construction type (represented by higher proportional difference in 
Table 5-4). 

TIL located aside and annular coaxial in a form of Energy Capsule present the highest values 
of mean fluid temperatures. Hence, GSHP cooperating with those BHEs has the highest perfor-
mance, what means the lowest exploiting costs during the GSHP operation over the simulated pe-
riod of time. Additional advantage of coaxial EC BHE is it very low price, since only plastic hose, 
one inner tube and ordinary water is used. Unfortunately, the usage of water in this design limits its 
applicability in the practice to areas, where fluid temperature wouldn’t drop near to water freezing 
point. Thus, a limited use of described coaxial BHE type is its disadvantage. 

Thermal Insulated Leg shows best values of mean fluid temperatures for its aside position but 
much worse for its central location. In fact there is no clear way to stabilize those locations in prac-
tice and demonstrated studies are rather more theoretical, but the real secondary fluid temperatures 
for TIL installed in the borehole would look like something between those two, which represent 
the worst and the best possible conditions. The best received values of mean fluid temperatures for 
TIL located aside than values of any other simulated BHE type, give a sign about the importance of 
developing an applicable way to mount that heat exchanger in this way. 
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6 Conclusions 

1. Several possibilities of connecting a Borehole Heat Exchanger in a form of Thermal Insulated 

Leg with Mechanical Ventilation have been proposed. Every presented solution gives benefits 

comparing to basic situation demonstrated by Basic Design. Not only connecting a TIL with 

ventilation system gives advantages – simple TIL implementation instead of U-pipe resulted in 

significant savings. For a heating mode the upgraded systems always reach higher efficiency pre-

sented by better COP value of whole heating system as well as the COP of heat pump device 

alone. In passive cooling mode although the whole benefits of Thermal Insulated Leg are not 

utilized, the lower available secondary fluid temperature having closer value to borehole wall 

temperature (and so as to ground temperature) lets achieving better cooling output of heat ex-

changer being a part of passive cooling equipment. The analysis was only based on COP calcula-

tions on the heat pump system side assuming that the heat pump adapts to the larger tempera-

ture differences in the ground side. The ground thermal resistance was not considered. 

 

2. Approximately for      of Poland where unconsolidated formations exist still the mud rotary 

drilling remains the most economical (since the only one) option. For the rest       of Pol-

and area (mainly the South) the cheapest and fastest drilling types seems to be by means of 

DTH air hammer or DTH water hammer, depending on water content in encountered rock. 

 

3. Energy Capsule (Green Collector) despite having many advantages (quick and easy sealing 

process, no special cementing devices needed and for some cases very low borehole thermal re-

sistance), can be hard to implement for detached houses heating/cooling purposes for Polish 

areas where loose formations are present, since for domestic users the cheap price of installation 

is the most desirable issue. Other limitation of EC usage in Poland is high freezing point of fluid 

being exerted (therefore the installation has to be planned very carefully so that the decrease of 

ground temperature during the years of BHE operation won’t be big enough to freeze the wa-

ter) and a pressure difference between various BHE sections. However, the low overall price of 

installation per meter when rocks or hard rocks are drilled with DTH air or water driven ham-

mer makes it more easier to choose this sealing solution, especially in large systems where small 

differences can give big benefits. 

 

4. The geology has the biggest impact on investment costs, since it decides about how the ground 

will respond to the loads from the building. On the other hand, the climatic conditions have the 

greatest influence on exploitation costs of installation, since the mean secondary fluid tempera-

ture directly depends on them. The second issue which should be concerned here is the size of 

the ground installation, which also has an impact on operation’s costs, in some cases for large 

systems enhancing mean brine’s temperature. One possible explanation is that while the larger 

land area is affected by GSHP operation, the ground at which boreholes are implemented slow-

er regenerates, what connected with lack of the balance of heat extracted/rejected from/to the 

Earth causes faster change of mean fluid temperature during the years of heat pump operation. 

In Poland at lowland regions where unconsolidated formations appear often (North and Central 

Poland), the investment cost will be high (because of presence of loose formations like sands, 

gravels etc. indicating poor thermal properties of ground installations) but the operation cost in 

heating seasons - low, since the climate usually is mild. On the other hand at upland regions 
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where rocks and other consolidated formations occur (South Poland) the investment will be 

cheaper (because of better heat conduction and proportionally smaller volumetric heat capacity 

of mentioned formation type) contrariwise to exploitation of GSHP in heating mode, which 

high costs are connected with colder climate and lower air temperatures at higher altitudes dur-

ing the heating period of the year. As far as cooling is concerned, GSHP cooling performance 

will be approximately the same for all Polish regions. 

 

5. The annular coaxial BHE in a form of Energy Capsule as an external flow channel is the most 

favorable vertical collector design, while its low price and good thermal properties indicate its 

advantage over Thermal Insulated Leg. Probable higher price of TIL due to more material costs 

and uncertainty in achieving more favorable secondary fluid temperatures than coaxial with EC 

(what is connected with TIL unknown position when it’s mounted in a borehole) makes this de-

sign a little bit worse one and the second to choose. However, whereas areas with low annual 

average temperature at earth’s surface are concerned or installations where after years of GHSP 

operation the decrease of the ground temperature threaten to freeze the water, the annular de-

sign in a form of mentioned plastic hose may require other secondary fluid, what can influenced 

its fluid to pipe thermal resistance    making it higher (so as the overall borehole thermal resis-

tance    ), not least the pumping power. Therefore, when water as a heating agent can’t be ap-

plied for described design, TIL might be the best option. 
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