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ABSTRACT 

Ground source cooling is commonly used for cooling of electronics in protected sites. Sometimes 

the boreholes are combined with free cooling from the air using a dry cooler to reduce the 

amount and length of the boreholes, which is the biggest part of the costs. The dry cooler can 

have two different running modes. In unloading mode the dry cooler is started at a certain 

temperature and the fans are slowed down at low temperatures so that the cooling power never 

exceeds the cooling demand. The extracted cooling is used to unload the boreholes. In recharging 

mode the dry cooler is started at a certain temperature and is operating at full capacity below this 

temperature. The excess cooling that is extracted in this mode is used to recharge the boreholes. 

The numerical simulation tool COMSOL Multiphysics was used to evaluate the borehole 

performance. The software can simulate tilted boreholes with good accuracy and makes it 

possible to adjust the geometry in any desired way.  

In this thesis, the performance of a 100 kW ground source cooling system is evaluated for a 

number of cases both with and without dry coolers in different running modes and sizes. The 

best solution in respect to life cycle cost, technical feasibility and environmental impact is chosen 

to be an unloading case with a dry cooler with 100 kW capacity at 8 °C. Using only boreholes 

gives less carbon dioxide emissions but much higher costs.  
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1. INTRODUCTION 

In our society today a big challenge is to meet our energy needs in sustainable and 

environmentally safe ways. Because of the rapid population growth and improvement of living 

standards in developing countries and continued economic growth in the developed countries the 

energy demand in the world is increasing. The increase in energy demand results in increasing so 

called greenhouse gas emissions that contributes to the increased global warming, also the energy 

prices will be higher as a result of the higher energy demand. The demand for cooling will also 

continue to increase, both in warm climates where more people can afford air conditioning 

equipment and in cold climates where better building insulation and increased internal gains from 

electrical equipment are contributing factors. 

With increased focus on reduction of energy consumption and decreased environmental impact, 

the technique of using free cooling from ground source boreholes has risen up as an alternative 

to conventional cooling machines. Also protected sites like military or telecommunication 

facilities have to take the aspects of energy efficiency and environmental impact in consideration 

when planning their operation. The problem that arises when designing system with free cooling 

from ground source boreholes is that these holes become exhausted and have a restricted cooling 

life length if they are used too heavily. This problem could be solved by having a large amount of 

boreholes, by using auxiliary free cooling from ambient air as a relief, or by using the excess heat 

for other purposes in combination with other storage applications and/or heat demands.  

1.1 Objectives 
The aim of this project is to model and compare different design solutions for hybrid systems 

that combine ground source cooling with ambient air free cooling for cooling of protected 

facilities and provide an optimum solution.  

The specific objectives are the following: 

 Provide background information necessary to understand and compare the different 

system solutions and identify the important parameters that affect the system. 

 Provide knowledge of how the ground source system operates in combination with the 

ambient air cooling system. 

 Model and compare a few relevant cases with different design solutions. 

 Identify an optimum design solution for cooling of protected facilities with ground 

source cooling from an economical, technical and environmental point of view. 

 Provide conclusions of the modeling and comparison between the cases and describe 

how these conclusions can be applied to other similar systems. 
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1.2 Scope and limitations 
Since the field of ground source cooling is very large and the modeling and design of such 

systems can be very detailed some limitations has to be set in this project. These limitations are 

set by the author together with supervisors at industry and university. 

 The project will not focus on improving or describe in detail the method of providing 

cooling to the cooling load or to describe what the purpose of the cooling is due to 

simplicity and security reasons. It will simply be regarded as a cooling coil in an air 

handling unit with a specific cooling load. 

 Due to time limitations and common practice only a standard type of borehole heat 

exchanger will be regarded in the modeling. 

 Only one specific location will be considered in this project. 

 No real case facility will be modeled in the project. Instead an imaginary facility similar to 

existing facilities with a specific cooling load will be considered and modeled. 

1.3 Methodology 
The development of this project contains the following main activities: 

 Literature study: Theoretical research in the project field using bibliography, papers, 

information from industry etcetera. Relevant information is used as a knowledge base for 

the project and also presented in a chapter in the report. 

 Modeling and comparison: Establish boundary conditions and configuration of one base 

case with only ground source cooling. Then compare the base case with a number of 

configurations that combine ground source cooling with dry coolers, alternating size and 

control of the dry coolers and introducing borehole recharging in a few cases. The cases 

will be compared with respect to life cycle cost, investment cost, energy consumption, 

practical feasibility and environmental impact.  

 Analyze the results: With the comparison made, the best solution(s) will be selected and 

the result will be analyzed and discussed.  

 The work will be presented with a written report and an oral presentation.  

All these activities are performed between January and June 2012 at the office of the consultancy 

company Grontmij in Eskilstuna and at the Department of Applied Thermodynamics at the 

Royal Institute of Technology, KTH in Stockholm. 
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2. LITERATURE STUDY 

2.1 Ground Source Energy Systems 
A system that utilizes the ground as heat source, heat sink or heat storage can be classified as a 

ground source energy system. The most common usage is to extract heat from the ground and 

use it as a heat source in a ground source heat pump (GSHP). This application has been very 

popular in Sweden recent years especially in single family houses where 10.8 % of the households 

used GSHP for heating in 2010 (Swedish Energy Agency, 2011). There are more than 2.7 million 

GSHP units installed worldwide with a capacity of 33 TW (Lund, Freeston and Boyd, 2011).  

2.1.1 Overview 

This project focuses on cooling applications from boreholes but there are numerous ways to 

extract and use ground source energy. As mentioned above the most common way is to use a 

GSHP coupled to a vertical borehole heat exchanger. This is a very good replacement for direct 

electricity heating and can give a decrease of the electricity demand for heating with 2/3 or more 

(Swedish Energy Agency, 2009). The big advantage with this technology compared to a 

conventional ambient air heat pump is that it can utilize the stable temperature level in the 

ground and therefore have more constant operation conditions which give better seasonal 

coefficient of performance (COP). Instead of a using vertical boreholes as a heat source a 

horizontal shallow ground heat exchanger can be used, consequences of such an installation is 

discussed in a later section. When a borehole heat exchanger is installed the system can also be 

used for cooling purposes. In this case the cold temperature in the ground is used directly and the 

only power consumption comes from the circulation pump which gives much better COPs than 

a conventional cooling machine, of around 20-30 (Soil Cool/Rekyl Project, 2004). It can also be 

used to cool the condenser side in a cooling machine. 

2.1.2 Considerations 

In a ground source energy system with boreholes the long term effects on temperature levels 

from extracting or injecting large amounts of heat from/to the bedrock has to be considered. 

This exhaustion of the boreholes is generally not a problem in systems with one borehole but 

mostly for systems with several boreholes (Granryd, 2005). A study done by Lazzari, Priarone 

and Zanchini (2010) shows that it is important to have recharging or load compensation of the 

borehole to prevent exhaustion. The study indicates that this especially is important with 

boreholes in a square field formation and that the heat extraction rate and ground thermal 

conductivity are influencing parameters. Exhaustion and increase or decrease in ground 

temperature will lead to higher energy consumption and possibly even system failures (Lazzari, 

Priarione and Zanchini, 2010).  

2.1.3 Heat Exchangers 

There are numerous ways to extract heat from or inject heat to the earth. Usually this is done 

with a closed system consisting of pipes with a heat carrying fluid inside, but there are also open 

systems that will not be considered in this project. These open systems use groundwater directly 

or lead incoming air through ducts in the earth.  As mentioned before there are two main types 

of systems for extracting and injecting heat to the ground, a vertical borehole heat exchanger or a 

horizontal shallow ground heat exchanger. The two types are illustrated in Figure 1. The 

horizontal shallow ground type extracts heat from horizontal pipes located in the soil at a depth 
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of only a few meters or less. Here the earth is heated up during the summer months and the heat 

is stored until the winter when it keeps a fairly constant temperature, warmer than the ambient 

(Granryd, 2005). A large land area is required for these kinds of systems which can cause 

problems in urban areas. This type is not commonly used for cooling because of the fairly high 

ground temperatures near the surface during the summer when the cooling demand is high. 

 

Figure 1: Sketch of 1) vertical borehole heat exchanger and 2) horizontal shallow ground heat exchanger 
(McCorry and Jones, 2011) 

This project will focus on the borehole heat exchanger since this is the solution used for cooling 

of protected sites. A borehole heat exchanger consists of one or several pipes with different 

configuration that goes through the boreholes. A secondary fluid is pumped through the pipes 

and exchanges heat with the bedrock. The boreholes are generally 20 - 300 m deep and 100 - 150 

mm in diameter (Florides and Kalogirou, 2007). To provide heating for a single family house a 

single borehole is usually sufficient but for larger applications several boreholes are needed 

(Granryd, 2005). In these cases the boreholes can be configured in many ways, for example in a 

straight line, staggered lines, square field or in a fan shape pattern with tilted boreholes. The 

borehole is usually filled with either a grout usually consisting of bentonite or with regular 

groundwater to increase the heat exchange between the borehole wall and the heat exchanger 

pipes (McCorry and Jones, 2011).  

The secondary brine fluid inside the heat exchanger pipes is usually a water-antifreeze mixture 

with for instance ethanol or glycol (Florides and Kalogirou, 2007). If the temperature of the brine 

never falls below freezing (0 °C), as in high temperature cooling applications, normal freshwater 

can be used as brine. Normal freshwater has lower viscosity than anti-freeze mixtures which gives 

less pressure drop and saves pumping power. It also has better heat transfer properties and no 

environmental issues. The brine fluid flow should be kept within the turbulent region for better 

convection heat transfer between the fluid and the borehole heat exchanger (Acuna and Palm, 

2008) 

The heat exchanger pipes can be configured in a number of ways. One common heat exchanger 

type is the U-pipe heat exchanger illustrated in Figure 2. It consists of one pipe going down and 

one pipe going up. These pipes are connected at the bottom with a U-turn. These pipes are 
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usually made of polyethylene plastics with a thermal conductivity of 0.42 W/(m,K), they have a 

wall thickness of 2-4 mm and an outer diameter around 25-50 mm (McCorry and Jones, 2011). 

Because the heat exchanger pipes are less expensive compared to the drilling cost, it can be 

advantageous to put several U-pipes in the same borehole to enhance the amount of heat 

extraction or injection per meter of borehole (Florides and Kalogirou, 2007). To prevent heat 

from leaking between the pipes going up and down, spacers (shown in Figure 3) can be used to 

keep the pipes from getting too close in the borehole. Although a study done by Acuna and Palm 

(2008) indicate that this configuration might not give any advantages in heat transfer.  

 

Figure 2: Sketch of a U-pipe borehole heat exchanger inside a borehole form the side and from above. 

 

Figure 3: U-pipe heat exchanger with spacers (Acuna and Palm, 2009a). 
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Another heat exchanger pipe configuration is the coaxial borehole heat exchanger illustrated in 

Figure 4. This heat exchanger has a slightly more complex construction than the U-pipe which is 

very simple. It consists of one pipe going down to the bottom of the borehole which is place 

inside a pipe with a larger diameter. The fluid goes down the outer pipe and picks up /rejects 

heat to the bedrock and then travels up inside the inner tube, reversible flow direction is also 

possible. The advantage of this configuration is that it has a large heat transfer area towards the 

surrounding bedrock while a drawback is that the heat leakage between the two fluid channels 

can increase because of the direct contact (McCorry and Jones, 2011).   

 

Figure 4: Coaxial borehole heat exchanger inside a borehole from the side and from above. 

2.1.4 Ground Thermal Properties 

The reason for using the ground as a heat source/sink is that the temperature in the ground is 

fairly constant below a certain depth. As mentioned above the shallow ground systems uses heat 

stored in the ground between the seasons, this is not the case in a borehole system. In these 

systems the temperature in the ground below around 10 - 20 m is not affected by seasonal 

temperature changes or solar irradiation. Instead the temperature is constant throughout the year 

at a level around the mean annual air temperature of the site (Soil Cool/Rekyl Project, 2004). 

This gives the advantage that the borehole is colder than the ambient air in the summer and 

warmer in the winter. In the Stockholm area this temperature is around 6-7 °C (SMHI, 2012). In 

the constant temperature area the temperature increases by 1 – 3 °C per 100 m due to geothermal 

heat from the earth’s core (Soil Cool/Rekyl Project, 2004). A temperature profile of a borehole 

illustrating this is shown in Figure 5. This borehole is situated in a warmer area than the 

Stockholm area. 
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Figure 5: Temperature variation along the borehole depth for summer and winter (Florides and Kalogirou, 
2007). Showing that the shallow ground layers are affected by the seasons and a more constant 
temperature at greater depths.  

An important parameter that affects the performance of a borehole system is the thermal 

conductivity of the ground. This varies between the different types of rock or soil and the 

porosity of these. Typical values for thermal conductivity of bedrock in Sweden is 2 - 5 W/(m,K) 

(Hellström, 1991). Thermal conductivity values of some bedrock materials are given in Table 1: 

Table 1: Thermal conductivity values of some bedrock materials (Hellström, 1991). 

Bedrock material Thermal conductivity 
[W/(m,K)] 

Granite 3.47 

Granodiodrite 3.34 

Quartzite 6.62 

Gneiss 3.47 

Sandstone (Mesozoic) 2.3 - 4.5 

Limestone (Mesozoic) 1.5 - 2.8 

 

2.1.5 Borehole Thermal Resistance 

It is common that the thermal properties of the borehole are evaluated with a borehole thermal 

resistance, Rb, or fluid-to-ground thermal resistance. This borehole resistance is defined by 

equation 1: 

               (1) 

Where Tf is the average heat exchanger fluid temperature, Tb is the average ground temperature 

and q is the heat injection/rejection rate (W/m) (Hellström, 1991). With this definition we can 

see that a low thermal resistance is required to get as high heat injection rate as possible with a 

constant temperature difference. The borehole thermal resistance can be divided into several 

parts that contribute to the total resistance. The heat travels from the brine fluid to and through 

the pipe material, to and through the ground water/grout material and to the borehole wall. All 

of these steps give rise to a thermal resistance that is either heat conduction or convection 

(Hellström, 1991). The borehole thermal resistance can be measured with a Thermal Response 
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Test (TRT). In such a test a constant heat is supplied to the borehole and the temperatures are 

measured to calculate the resistance using a line source model (Acuna, 2008). 

2.1.6 Modeling 

There are several computer softwares available as tools to correctly size a ground source system. 

One of these programs is SBM (Superposition Borehole Model) that is developed at Lund 

University in Sweden and give possibility to calculate the required borehole length and fluid 

temperatures over time for many borehole configurations (Eskilson, 1986). SBM is a DOS based 

program without any good graphical user interface (GUI), but the program EED (Earth Energy 

Design) that is based on SBM have a Windows environment that is easy to use (Blocon, 2008). 

This program is for vertical boreholes only.  

COMSOL Multiphysics is a powerful numerical software with a wide variety of applications from 

electronics and acoustic to chemistry and computational fluid dynamics (CFD). The software also 

has a heat transfer module which for instance can be used to model heat transfer in the ground. 

The complexity of the model can differ if a 2D or 3D geometry is used and if the heat transfer 

inside the boreholes is modeled or not. Acuna and Palm (2009b) use COMSOL in their work to 

evaluate the performance of different borehole heat exchanger configurations. Also Lazzari, 

Priarone and Zanchini (2011) has used COMSOL to model the performance of fields of 

borehole. 

Another tool used for simulations of borehole performance is the software TRNSYS (Transient 

System Simulation Program) with a module for borehole calculations. This was used in a study of 

a hybrid solar ground source heat pump system done by Wang, Fung, Qi and Leong (2012). 

 

2.2 Free Cooling 
The general term free cooling is used when the cooling source/heat sink is used directly without 

a conventional cooling machine that requires driving power to provide cooling. The only parts 

that require energy in a free cooling system are the circulation pumps or fans (Åslund, 2011). Free 

cooling can come from many sources but the most common is ambient air but also sea water and 

the ground can be free cooling sources. In this project the ground source cooling is treated 

separately from other free cooling sources and the main focus in this section will be on ambient 

air as a free cooling source. 

To use ambient air as a cooling source requires that the air temperature is lower than the wanted 

cooling temperature. This can be a problem for buildings in the summer when the cooling load is 

high while the air temperature also is quite high. Therefore it is more beneficial to use ambient air 

as a cooling source if the cooling load is independent of the ambient temperature like for cooling 

of electrical equipment. There are several options when using ambient air as free cooling source. 

The two most common are to apply the ambient air directly into the building by ventilation and 

to use dry coolers to cool a liquid that is later used for cooling directly or in an air handling unit.   

In most climates it is not possible to use free cooling from ambient air all year round due to the 

high air temperatures in the summer months and therefore a supplementary system has to be 
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used. It can either be with a conventional cooling machine (Åslund, 2011) or with a ground 

source system (Neuwirth, 2011).  

2.2.1 Equipment 

The equipment used for cooling a liquid with ambient air is widely commercially available and 

ready to use without any complicated installation procedure. The two most common techniques 

are the dry cooling units and the cooling tower units (McQuiston, Parker and Spitler, 2005). In 

this project a dry cooler will be used since it is the common practice in these kinds of systems. 

A dry cooling unit is basically a finned tube heat exchanger with fans, see Figure 6 and Figure 7. 

The simple working principle is that warm water is fed through finned tubes that are cooled by 

ambient air that is blown over the heat exchanger by fans (Acul, 2008). Generally the heat 

exchanger is a block with finned tubes in different geometry configurations. The fans are used to 

blow air over the finned tubes to increase the heat transfer compared to stagnated air and they 

can be controlled in different ways related to outdoor temperature (Acul, 2008). With a low 

outdoor temperature the fan speed can be reduced to save energy with the heat transfer 

maintained because of increased temperature difference. To avoid freezing in the dry-cooler 

when the outdoor temperature is below freezing an anti-freeze mixture has to be used.  

 

Figure 6: Dry cooler (AIA, 2012). 
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Figure 7: Descriptive sketch of dry-cooler. 

A cooling tower is generally an open system where the warm water is sprayed into an air stream 

where it is cooled, see Figure 8. Heat is rejected with heat exchange to the ambient air and an 

extra cooling effect comes from evaporation of some of the sprayed water that cools down the 

rest of the water (UNEP, 2006). With the evaporation some water is lost to the ambient and 

refilling might be needed. Another drawback with cooling towers is the risk of legionella 

outbreaks due to the temperature levels that are advantageous for bacteria and the possibility for 

spreading in the evaporated water (Socialstyrelsen, 2012). 

 

Figure 8: Cooling tower principle sketch (GEO4VA, 2012) 

2.2.2 Operation 

The cooling power of a dry cooler is dependent of the size and is given by the manufacturer. The 

cooling effect will also vary with the ambient air temperature and velocity and this can be 

calculated with manufacturer calculation software (AIA, 2011). With different air velocities and 
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fan speeds the electricity consumption will vary accordingly and this is also calculated with 

manufacturer software.  

2.3 Hybrid Ground Source Energy Systems 
In systems with several boreholes used only for cooling purposes without any heat load the 

temperature in the boreholes will increase over time (Man, Yang and Fang, 2008). To prevent 

this, a low heat injection rate can be used resulting in longer or more boreholes with a higher 

investment cost. Another way to prevent this is to use a hybrid ground source system with 

supplementary cooling sources to reduce the load on the boreholes. Conventional cooling 

machines can be used as well as dry coolers using ambient air which is the focus in this project. 

This is a combination of the two systems described above, free cooling and ground source 

cooling. 

2.3.1 System Layout 

A layout of a cooling system that combine ground source cooling with air-cooling is shown in 

Figure 9. The main parts are the borehole heat exchangers, dry cooler, heat exchanger, circulation 

pump and cooling coil. The heat exchanger between the dry cooler loop and the rest of the 

system is not vital and introduces an extra temperature difference but it is practical for 

maintenance or downtime of the dry cooler.  

 

Figure 9: Layout of hybrid system. 

2.3.2 Control Strategies 

The aim of a hybrid system is to have as low energy consumption as possible, resulting in low 

operating costs. The energy consumption of the system will be very much influenced by the 
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control strategy used for operation of the dry cooler. Man, Yang and Fang (2008) suggests three 

different control strategies for cooling of a heat pump: 

 Activate the dry cooler when the temperature into the heat pump exceeds a certain point 

 Activate the dry cooler when the ambient temperature is a few degrees lower than the 

temperature into the heat pump 

 Activate the dry cooler at night time in the summer and when the temperature into the 

heat pump exceeds a certain point.  

Another possibility is to recharge the boreholes by cooling them with the dry cooler. This can be 

done to prevent exhaustion of the boreholes and could lead to fewer or shorter boreholes 

needed. In systems with constant cooling loads as is the case in this project, the air-cooler would 

have to be oversized for a system with recharging system which might not be economically 

beneficial.  

2.3.3 Examples 

In a study done by Man, Yang and Wang (2010) a comparison is made between a hybrid ground 

source heat pump system with a cooling tower and a regular GSHP system for cooling of a 

residential building in Hong Kong with cooling load for the entire year. The simulations show 

that the hybrid system operates better and prevents long time temperature increase of the 

boreholes even with fewer boreholes. The hybrid system saves 34 % initial cost and 25 – 55 % 

operating costs compared to the conventional system.  

A study done by Hellström, Enlund and Paksoy (2000) describes how hybrid cooling systems for 

telephone switching exchanges are constructed and operates. They use combinations of air-

coolers and boreholes to cover constant cooling loads between 30 - 370 kW. The air coolers 

operate at temperatures below 15 °C when the boreholes start operating. Recharging of 

boreholes is also used in some cases (Hellström, Enlund and Paksoy, 2000).  

 

2.4 Protected Sites 
This project focuses on cooling of equipment in protected sites like military radar facilities or 

telecommunication facilities. In design of cooling systems for such sites there are a few 

considerations that have to be taken into account. The equipment is usually placed in rock 

chambers, both in urban and unpopulated areas, to keep the location secret and protected. Since 

the equipment is critical in a war situation it is protected from many kinds of warfare. A bomb 

protection shield of thick concrete is used and also cover of sheet metal is used to protect 

electronic equipment from electromagnetic pulses from nuclear weapons. Also air cleaning can 

be used to protect from biological or chemical warfare (Jonsson, 2012). The cooling equipment 

has to be placed inside the protection which can be an issue in reconstruction. If an air-cooler is 

used, this has to be placed outside the protection and is therefore vulnerable. Because of this a 

hybrid system with boreholes and dry cooler has to be able to operate without the dry cooler for 

a period without reaching too high temperatures in the borehole. The dry cooler also has to be a 
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separate system connected to the rest of the system with a heat exchanger to ensure cooling 

operations even if the dry cooler is damaged.  
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3. METHOD 

This project consists of many parts which are summed up in the first chapter. This chapter 

describes how the main tasks were performed. 

3.1 Borehole Load 
This project evaluates the performance of different system configurations where the cooling load 

is 100 kW and constant throughout the year. This load is provided by the dry-cooler and the 

boreholes as described in previous chapter. How much cooling power that is provided and how 

much heat that is injected to the boreholes, Pb, is calculated using equation 2: 

                     (2) 

Where Ptot is the total cooling load which in this project is 100 kW and Pdrycooler is the cooling 

power output from the dry cooler. The monthly average heat injection rate is used as input 

variable in the borehole simulations.   

3.2 Dry-cooler  
The dry cooler used in the different cases is chosen to be able to handle the entire cooling load, 

Ptot, of 100 kW at a certain dimensioning outdoor temperature which is different for the different 

cases. To choose an appropriate dry cooler the manufacturer calculation software AIACalc is 

used. With the outdoor temperature, fluid in and out temperature and the cooling load as input 

parameters the software suggests the dry cooler with the lowest cost. The input parameters used 

in all cases are presented in Table 2 and the air temperature is what differs between the cases. A 

30 % Ethylen-Glycol water mixture is used as coolant in the dry cooler loop in all the cases.  

Table 2: Input parameters used for dry-cooler sizing software IAICalc. 

Input Parameter Value 

Cooling load, Pdrycooler 100 kW 

Fluid in temperature 18 °C 

Fluid out temperature 12 °C 

 

In the cases with just unloading the dry cooler capacity, Pdrycooler, and electricity consumption is 

evaluated at different outdoor air temperatures. When the air is warmer than the dimensioning 

temperature, the dry cooler cooling capacity will decrease up to a certain point when the capacity 

is 0 kW. If the air is colder than the dimensioning temperature, the fan speed is reduced to 

maintain a cooling capacity of 100 kW at all temperatures below.  

For the cases with recharging of the boreholes the fan speed of the dry cooler is not reduced 

when the air temperature is lower than the dimensioning temperature. Instead the fan is always 

working at full capacity which gives a cooling power larger than the required 100 kW. The excess 

cooling power is used to recharge the boreholes. In Figure 10 the input and resulting parameters 

in the software AIACalc is illustrated. 
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Figure 10: Screenshot of the software AIACalc with explaining markeringar. 

A data series of outdoor temperature for every third hour, which is the best resolution available, 

at Stockholm Bromma for 2010 (SMHI, 2012) was used to evaluate the yearly performance of the 

dry cooler in detail.  

3.3 Pumps 
To circulate the fluid in the pipes and provide the cooling, circulation pumps are used.  

The required fluid flow rate is estimated from equation 3: 

 ̇  
 

     
    (3) 

Where P is the cooling power, ρ is the density of the fluid, cp is the fluid specific heat capacity 

and ΔT is the temperature difference. The software AIA calculates the required fluid flow rate in 

the dry cooler loop while the flow rate in the main loop is calculated with equation 3. The 

numbers used are 4 °C temperature difference, 100 kW cooling power and the fluid properties of 

water. To ensure good heat transfer in the borehole heat exchanger the minimum flow rate is 

controlled so that the flow always is turbulent when heat is extracted or injected to the boreholes.  

The pressure drop in the system is evaluated with several methods. For the piping a number of 

80 Pa/m is used which is a reasonable value below the recommended maximum of 100 Pa/m 

(Gustavsson, 2012). Pressure drop in components such as dry cooler and heat exchanger is 

estimated from manufacturer data. For the pressure drop in the borehole heat exchangers the 

formula in equation 4 below is used. 
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     (4) 

Where L is the tube length, d is the diameter, u is the velocity and f is the friction factor which is 

taken from a Moody chart (McQuiston, Parker and Spitler, 2005) using the Reynolds number 

from equation 5: 

   
   

 
    (5) 

Where µ is the dynamic viscosity.   

To estimate the energy consumption of the pumps these are sized appropriately with the 

maximum fluid flow rate and pressure drop. The rated power and maximum flow of these pumps 

are used as base for the affinity laws (equation 6) to get the pumping power at a certain flow. 

  

  
 (

  

  
)
 

    (6) 

Where P1 and Q1 are rated power and maximum flow rate and P2 is the pumping power at the 

flow rate Q2.  

The pumping power is multiplied with the corresponding running time to get the electricity 

consumption.  

3.4 Borehole simulations 
To determine the appropriate number of boreholes and length of these the software COMSOL 

Multiphysics with its heat transfer module is used.  

3.4.1 Simulation Conditions 

A three dimensional model of the ground with the boreholes modeled as cylindrical objects in a 

fan shape pattern with 15° and 20° tilt angles and with 140 mm diameter illustrated in Figure 11. 

The borehole pattern is designed to fit inside a 14 m long entrance tunnel which is a common 

configuration for boreholes in protected sites (Jonsson, 2012). For the base case that require a 

larger amount of boreholes another configuration with straight boreholes in a rectangular pattern 

is chosen. This pattern is illustrated in Figure 12. 



24 
 

 

Figure 11: Illustration of the fan shaped borehole pattern. 

 

Figure 12: Illustration of the large borehole pattern. 

The simulations that are done are transient over a 20 year simulation period and the solver used is 

the Time-Dependent solver in COMSOL Multiphysics. The time step used is 30 days since it is 

the resolution of the calculated cooling load. Tests were performed to get the optimum time step 

with short computation time and good accuracy.  
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In the heat transfer module the initial temperature of the ground is set to 6.6 °C which is what 

the calculation software EED suggests and correspond to the yearly average temperature of the 

location Bromma in Stockholm (SMHI, 2012). Also the surrounding unaffected ground 

boundaries are set to have a constant temperature of 6.6 °C. The ground thermal properties are 

set to correspond to realistic conditions in the chosen location and are based on values from 

Hellström (1991) and from previous simulations by Acuna and Palm (2009b). The thermal 

conductivity is chosen as 3.1 W/(m,K), the density is set to 2700 kg/m3 and the heat capacity is 

set 830 J/(kg,K) which corresponds to similar values as for common types of ground materials in 

Sweden. To make sure that the boreholes are not undersized, conservative values of the thermal 

properties was chosen. 

The borehole load determined with the methods described above is used as a monthly varying 

heat flux that is periodically repeated over the 20 year simulation period. The heat load is applied 

to the borehole walls which give off heat to the surrounding ground.  

For the upper boundary that represents the ground surface, a varying temperature boundary 

condition is applied. The temperatures used are the monthly averages for the location Bromma in 

Stockholm (SMHI, 2012) and these are periodically repeated over the 20 year simulation period.  

A normal sized tetrahedral mesh is chosen for the unloading and recharging cases resulting in 107 

000 cells while a coarse sized mesh is chosen for the base case to reduce the computational 

solution time. 

As stated above the simulation period is 20 years and the time step used is 30 days since it is the 

resolution of the calculated cooling load. Tests were performed to get the optimum time step 

with short computation time and good accuracy.  

3.4.2 Data Processing 

To see the resulting fluid temperature out of the boreholes for each configuration, Tf,out, the 

average surface temperature, Tb, of each borehole was evaluated in the program using the built in 

surface average tool. To evaluate the average fluid temperature, Tf, in each borehole equation 7 in 

the previous chapter which only is valid for one single borehole is used: 

             (7) 

Where q is the borehole load per total length of the boreholes and Rb is the borehole resistance 

(Hellström, 1991). The fluid mean temperature, Tf,m, for all boreholes is then an average of the 

temperature Tf for all separate boreholes calculated with equation 8:  

     
∑     
 
   

 
   (8) 

Where n is the total number of boreholes. . To ensure safe operations, the temperature Tf,m 

should not exceed 16 °C. 
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3.5 Economic evaluation 
The different cases are mainly evaluated and compared by their economic performance. For all 

the cases the Life Cycle Cost (LCC) is estimated and the alternative with the lowest LCC is 

considered the best alternative.  

Life cycle cost is the total costs of the system throughout the lifetime of the system recalculated 

to present value.  This means that both the investment cost and the annual recurring costs 

throughout the lifetime are taken into account. LCC is calculated according to equation 9: 

               (9) 

Where Inv is the investment cost and RCPn is the present value of the annual recurring costs. 

The present value of the annual recurring costs is calculated with equation 10 based on (Skärvad 

and Olsson, 2008): 

        
  (     )  

(   )
   (10) 

Where RCn is the annual cost, i is the interest rate, p is the inflation rate and n is the number of 

years.  

The interest rate, i, is set to 4 % and the inflation rate is set to 2 % based on normal practice 

(Gustavsson, 2012) and inflation goals of the Swedish Riksbank (2012). The system is evaluated 

for 20 years which is the projected lifetime.  

3.6 Environmental evaluation 
The environmental impact of the facility, ECO2, is evaluated by calculating the carbon dioxide 

emissions that the electricity consumption give rise to. This is done by using the carbon dioxide 

intensity of electricity in Sweden, IEL, which is multiplied with the electricity consumption, EL, 

as in equation 11. 

              (11) 

The carbon dioxide intensity used is 0.041 kgCO2/kWh which is the number that IPCC (2005) 

gives for Sweden. Other environmental impacts like the effect on the local environment or 

emissions from the manufacturing of parts are not considered in this project.  

3.7 Cases 
This project compares different cases of dry-cooler and borehole combinations. The 

configuration of these cases is presented in this section. 

3.7.1 Base Case 

In the base case the cooling is provided solely from ground source cooling with a large amount of 

boreholes. The design criterion is that the outgoing temperature from the boreholes must not 

exceed 14 °C within the design period of 20 years.  

3.7.2 Unloading Cases 

In the cases with unloading of the boreholes a dry-cooler is used to provide cooling when the 

outdoor temperature is low enough. Four different sizes of dry-coolers are considered and these 
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can provide 100 kW of cooling at air temperatures of 4, 6, 8 and 10 °C, named Unloading cases 1, 

2, 3 and 4 respectively. At lower temperatures the dry-cooler fan speed is decreased to save 

energy and provide a cooling power of 100 kW. The system layout is as shown in Figure 9 above. 

3.7.3 Recharging 

In the recharging cases the dry-cooler fans are kept at full speed at cold temperatures which gives 

more than 100 kW cooling power at temperatures below the dimensioning temperature. The 

surplus is used to recharge the boreholes with a separate heat exchanger as shown in Figure 13. 

Two sizes of dry-coolers are tested which gives a yearly net energy input slightly above and below 

zero. These two sizes can provide 100 kW of cooling at air temperatures of 4 and 6 °C, named 

Recharging cases 1 and 2 respectively. 

 

Figure 13: Layout of system in the recharging cases with an additional heat exchanger. 
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4. RESULTS 

The results from the calculations done in this project are presented in this chapter. 

4.1 Dry cooler 

4.1.1 Sizing 

From the calculation software AIACalc and the design parameters described in previous chapters 

the following dry cooler models, presented in Table 3, were chosen for the different cases. 

Table 3: Chosen dry cooler models for the different cases. 

Case Temperature with 100 
kW capacity  

Model name Maximum 
fan power 

Base - - - 

Unloading 1 4 °C X2-D-80Q1L-2-3E-3B1-V-900-14 4.1 kW 

Unloading 2 6 °C X2-D-100Q1L-2-3E-3B1-V-900-14 4.9 kW 

Unloading 3 8 °C X2-D-100Q1L-2-4E-4B1-V-900-20 4.9 kW 

Unloading 4 10 °C X2-D-100Q1L-3-3E-5B1-V-900-20 7.3 kW 

Recharging 1 4 °C X2-D-80Q1L-2-3E-3B1-V-900-14 4.1 kW 

Recharging 2 6 °C X2-D-100Q1L-2-3E-3B1-V-900-14 4.9 kW 

 

This means that with a higher design temperature a larger dry cooler with higher fan power is 

needed. There is a low difference in maximum fan power between unloading case 2 and 3 

because the only difference is the configuration of the heat exchanger. The same type of fan is 

used in both these cases.  

4.1.2 Performance 

By using the software AIACalc and extrapolating for values out of the software range the 

following performance of the dry coolers is evaluated for the different cases. 

In the unloading cases the cooling power and fan power consumption vary with the ambient 

temperature as shown in Figures 14-16 below.  
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Figure 14: Cooling power of dry coolers at different ambient temperatures for the unloading cases. 

 

 
Figure 15: Fan power of dry coolers at different ambient temperatures for the unloading cases. 
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Figure 16: Cooling power of dry coolers at different ambient temperatures for the recharging cases. 

The fan power in the recharging cases is not varying with ambient temperature because the fans 

always run at full speed and with the maximum fan power listed in Table 3. 

4.2 Cooling load 
The monthly load that is applied to the boreholes is calculated with the performance of the dry 

coolers and the outdoor temperatures in Stockholm Bromma as described in the methods 

chapter above. The resulting monthly profile for one year for one unloading case and one 

recharging case is shown in Figure 17. 

 
Figure 17: Monthly borehole load profile for one unloading case and one recharging case. 
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The profile of the other unloading and recharging cases is very similar to those presented in 

Figure 17. The monthly borehole load for all the cases is presented in Appendix A.  

With a constant cooling load of 100 kW for the entire year the yearly cooling demand is 876 

MWh. In the base case the entire demand is supplied by the boreholes. The amount of cooling 

supplied from the dry cooler and the boreholes in the different unloading cases is presented in 

Figure 18.  

 
Figure 18: Yearly amount of cooling supplied from the boreholes and the dry cooler for the unloading 
cases. 

Because the recharging cases 1 and 2 use the same dry coolers as the unloading cases 1 and 2 the 

cooling supplied for these cases will be the same until a certain temperature limit.  

The amount of cooling supplied by the boreholes is obviously the same as the amount of heat 

that is supplied to the ground in one year in the unloading cases. When the dry cooler gives a 

surplus of cooling as in any of the recharging cases this surplus is supplied to the boreholes. This 

gives a lower yearly net heat supply to the ground in these cases. In the recharging 1 case the net 

heat supply is 129.3 MWh and for the second case it is -8 MWh. So in the second case the 

ground is actually cooled more than it is heated in a year.  

4.3 Boreholes 

4.3.1 Ground Temperature profiles 

In this section the results from heat transfer simulations of the temperature behavior of the 

ground during the simulation period are presented. 

In Figures 19-21 we can see how the temperature in the ground changes with time for the base 

case.  
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Figure 19: Temperature distribution in the ground for the base case with 212 m boreholes after 5 years. 
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Figure 20: Temperature distribution in the ground for the base case with 212 m boreholes after 10 years. 



34 
 

 
Figure 21: Temperature distribution in the ground for the base case with 212 m boreholes after 20 years. 

Figures 19-21 show that the temperature is rather homogenous in a large part of the ground that 

is affected by the borehole heat load, especially in the early years. Only some periphery boreholes 

and the bottom 15-20 m have a lower surrounding temperature than the rest of the boreholes.  

The temperature distribution in the ground with tilted boreholes is shown in Figures 22-24. 

These figures show the results for unloading case 1 with 212 m boreholes over the simulation 

period.  
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Figure 22: Temperature distribution in the ground for the first unloading case with 212 m boreholes after 5 
years. 
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Figure 23: Temperature distribution in the ground for the first unloading case with 212 m boreholes after 
10 years. 
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Figure 24: Temperature distribution in the ground for the first unloading case with 212 m boreholes after 
20 years. 

The temperature is highest in the top of the boreholes where the boreholes and the heat source 

are most concentrated. The rest of the volume around the boreholes, deeper in the ground, is 

fairly unaffected by the heat injection. With time, the rock volume that is affected by the heat 

grows deeper in the ground.  

By shortening the borehole length to 150 m and having the same heat load the temperature in the 

ground will be higher, as shown in Figures 25-27. 
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Figure 25: Temperature distribution in the ground for the first unloading case with 150 m boreholes after 5 
years. 

 
Figure 26: Temperature distribution in the ground for the first unloading case with 150 m boreholes after 
10 years. 
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Figure 27: Temperature distribution in the ground for the first unloading case with 150 m boreholes after 
20 years. 

The maximum temperatures with 150 m boreholes are much higher than for 212 m which gives 

appropriate fluid temperatures. This is because the same amount of heat is released into a smaller 

ground volume around the boreholes.  

 

4.3.2 Required lengths 

Simulations of the performance of the boreholes were done for all cases with varied lengths of 

the boreholes. The shortest lengths that gave a mean fluid temperature of the boreholes below 16 

°C and above 4 °C within 20 years was chosen as the required borehole length.  

For the base case 54 boreholes with a length of 220 m and a spacing of 10 m is required to keep 

the temperature below 14 °C within 20 years.  

For the unloading and recharging cases a configuration with 20 boreholes in a fan shaped pattern 

as described earlier was chosen and the required borehole lengths of each hole are shown in 

Figure 28. 
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Figure 28: The required borehole lengths for the different cases.  

We can from Figure 28 see that for the unloading cases a shorter borehole length can be used 

when a larger dry cooler is used. Because the larger dry cooler can cover more of the cooling 

demand and decreases the usage of the boreholes. For the recharging cases the required borehole 

lengths are even shorter because they are cooled in the winter so that they do not reach as high 

temperatures in the summer. The longer borehole length in the second recharging case is 

required to keep the fluid mean temperature above 2 °C to avoid freezing.  

Temperatures of the fluid coming out of the boreholes vary with the length. In Figure 29 the 

temperature profile over 20 years is shown for unloading case 1 for different lengths of the 

boreholes. The temperature shown is the mean fluid temperature and with an incoming 

temperature of 18 °C this should not exceed 16 °C to get a maximum 14 °C out of the boreholes.  
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Figure 29: Temperature profiles of the fluid mean temperature for different borehole lengths for unloading 
case 1. 

The temperature profiles show that a shorter borehole length gives both higher fluid 

temperatures and more temperature variations. The temperature profile for 212 m seems to 

almost have flattened out, indicating that it soon will reach it equilibrium, while the profile for 

150 m still increases at a rapid rate after 20 years.  

The temperature profile for a recharging case is shown in Figure 30. The case has been modeled 

so that the recharging starts in January when the fluid mean temperature reaches 16 °C.  
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Figure 30: Temperature profile of the mean fluid temperature for the recharging 1 case with 160 m 
boreholes. 

From Figure 30 it is clear that the fluid temperature varies much more over the year than in an 

unloading case in Figure 29. The variation over the year is around 10 °C in a recharging case 

while it is 5 - 7 °C for an unloading case.  

Figure 31 shows the fluid temperature profile for recharging case 2 after the initial heat up period 

with two lengths of the boreholes. 

 
Figure 31: Temperature profile of the mean fluid temperature for the recharging 2 case with 160 and 190 m 
boreholes. 
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Figure 31 shows that the temperature decreases with time since the net yearly heat load is 

negative. The longer borehole length gives less yearly temperature changes and also higher 

minimum temperatures in the winter.  

4.4 Electricity consumption 
The electricity consumption of the dry cooler fans and pumps is evaluated according to previous 

chapter and is presented for the different cases in Figure 32. 

 
Figure 32: Yearly electricity consumption of the dry cooler and the pumps for all the cases.  

Here we can see that the for the unloading cases the dry cooler in unloading case 4 has the lowest 

electricity consumption since it has the shortest running time of the fan. Unloading case 1 gives 

the highest electricity consumption due to the longer running time of the fan even though it has 

the fan with the lowest rated power.  

The recharging cases have significantly higher electricity consumption because the fan speed is 

not decreased and they only run with the fans either on or off. Because of this the run time of the 

fan is the same for the two cases and the higher electricity consumption for the second case is 

due to the higher fan power.  

4.5 Economical results 

4.5.1 Investment Cost 

The investment cost for the cooling system consists of many parts and for the base case these 

are: 
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 Circulation pumps 

 Installation cost 

For the unloading and recharging cases the following additional items are needed: 

 Dry cooler 

 Heat exchanger 

 Extra piping 

 Extra circulation pumps 

In Table 4 the cost of the dry coolers used in the different cases are listed. All dry cooler models 

are from the manufacturer AIA and the prices are given by the manufacturer (Widing, 2012). 

Table 4: Investment cost for the dry coolers used in the different cases. 

Case Model Cost [SEK] 

Unloading 1/Recharging 1 X2-D-80Q1L-2-3E-3B1-V-900-14 100 000 

Unloading 2/Recharging 2 X2-D-100Q1L-2-3E-3B1-V-900-14 110 000 

Unloading 3 X2-D-100Q1L-2-4E-4B1-V-900-20 130 000 

Unloading 4 X2-D-100Q1L-3-3E-5B1-V-900-20 185 000 

 

Details on parts and costs for the different cases are presented in Appendix B. The total 

investment cost for the different cases is shown in Figure 33. 

 
Figure 33: Chart with the investment costs in all cases. 

The base case has the highest investment cost due to the large number of boreholes while the 

extra investment cost for equipment in the other cases is lower. Since the borehole length is 

shortest for the first recharging case the investment cost is the lowest for this case. 
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4.5.2 Yearly Cost 

The yearly costs that exist for this kind of facility are the electricity cost and the maintenance 

cost. The electricity cost is calculated with the electricity price and the electricity consumption of 

the different cases. The yearly maintenance cost is an estimate based on experience from similar 

facilities (Gustavsson, 2012) and it is estimated to 5000 SEK. The yearly cost for the different 

cases is shown in Figure 34: 

 
Figure 34: Yearly costs for the different cases. 

Since the base case has the lowest energy consumption it also has the lowest yearly costs. All the 

results coincide with the energy consumption results since the yearly costs only consists of the 

electricity cost and maintenance costs which have assumed to be equal for all the cases.   

 

4.5.3 Life Cycle Cost 

The life cycle cost of the systems in the different cases is presented in Figure 35: 
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Figure 35: Life cycle cost for the different cases. 

Figure 35 show that Unloading case 3 is the case with the lowest life cycle cost and that the base 

case has the highest.  

The 1 813 060 SEK of life cycle cost for unloading case 3 is divided as shown in Figure 36: 

 
Figure 36: Distribution of the life cycle cost for the unloading case 3. 

This figure shows that the boreholes are the largest parts of the life cycle cost with 54 %. The 

electricity cost and installation cost are the second and third largest parts with 13 % and 11 % 

while the pipes and heat exchangers costs is the smallest part.  
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4.6 Environmental impact 
The calculated carbon dioxide emissions that the electricity consumption give rise to over a 20 

year period is presented in Figure 37. 

 
Figure 37: CO2 emissions for the different cases over 20 years. 

Since the carbon dioxide emissions are proportional to the electricity consumption presented 

above the results are analogous with that results. The case with the highest electricity 

consumption, Recharging 2, also has the highest carbon dioxide emissions of 33 000 kg over 20 

years. The base case has the lowest emissions with 5700 kg over 20 years.  
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5. ANALYSIS 
In this chapter the results above and the simulation model is analyzed and discussed. 

5.1 System results 
As can be seen from Figure 35, the case with the lowest life cycle cost is Unloading 3, having a 

dry cooler that gives the maximum cooling output at 8 °C and below. This case does not have the 

shortest borehole length, lowest investment cost or the lowest energy consumption. Instead, this 

case shows good results in all these areas and the combination gives the lowest life cycle cost.  

The cases Unloading 2 and Unloading 3 have very similar dry coolers with the same fan power. 

But because the dry cooler in Unloading 3 can produce more cooling in one year and reduce the 

total load on the boreholes, a shorter borehole length is then required which reduces the 

investment cost. Also the electricity consumption and the yearly costs are lower for Unloading 3 

because less electricity for the fan is needed to provide the cooling.  

Even though the required borehole length is the same for the cases Unloading 3 and Unloading 4 

and the electricity consumption is slightly lower in Unloading 4 the life cycle cost still is higher in 

this case. The reason for this is that a larger and more expensive dry cooler is needed in 

Unloading 4.  

The Recharging case 1 that has the lowest investment cost still does not have the lowest life cycle 

cost. This is due to the high electricity consumption of the dry cooler since it is running at full 

speed at low temperatures. So the saved borehole length in the recharging cases is too small to 

compensate for the higher electricity consumption.  

For systems with larger cooling demand the recharging cases could prove to be more profitable 

since the saved investment cost could be higher and also the saved land area could have an 

influence. Another way to make the recharging cases more profitable could be to use another 

cooling source like seawater that could require less electric power. 

On the issue of technical feasibility the base case is the simplest solution. It has fewest parts and 

almost no need for control systems since it runs in the same running mode all the time. The 

technical drawback with the base case is that a larger area is needed for the extra amount of 

boreholes. The unloading cases have more parts with dry cooler, heat exchanger and extra 

pumps. They are also more complicated to control since both the dry cooler and the pumps are 

controlled by temperatures. The recharging cases need even more parts and control strategies; 

this can lead to problems with the operation of the facility if everything does not work properly. 

One advantage with the unloading and the recharging cases is that the boreholes take up a 

smaller land area and can be fitted inside an entrance tunnel to an underground facility.  

Telecommunication and military facilities can usually not have downtimes depending on the 

nature of the activity in the facility. Therefore it is important to know how a failure of the dry 

cooler in the unloading/recharging cases would affect the system and how fast they need to be 

replaced. If the dry cooler would stop operating, the boreholes would handle the entire cooling 

load. In the unloading and recharging cases the boreholes are not sized to handle the entire load 

for a longer period of time and therefore the fluid temperature would increase over the allowed 
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limit, resulting in too high temperatures which could damage the equipment being cooled. How 

fast the temperature would increase to a too high level depends on when the dry cooler stops 

working. If it stops working during the autumn in the twentieth year in the unloading cases the 

temperatures would quickly be too high, maybe in the matter of a few weeks or months. If it on 

the other hand would stop working in the winter in the first couple of years it would take longer 

for the temperatures to rise that much.  

In chapter 4.2 the resulting cooling load and cooling supply is presented. From Figure 18 we can 

see that the dry cooler in Unloading case 1 provide the least amount of cooling while the dry 

cooler in Unloading case 4 provide the highest amount of cooling. This is because the larger dry 

cooler in Unloading 4 can provide more cooling at the temperatures between 4 °C and 10 °C as 

shown in Figure 14. 

The performance of the dry coolers is presented in chapter 4.1 and this is the base for both the 

cooling load and the electricity consumption results. The electricity consumption of the dry 

cooler is higher in Unloading case 1 than in Unloading case 2 because the fan power is higher at 

temperatures between -5 °C and 5 °C as shown in Figure 15. The higher maximum fan power in 

Unloading  case 2 has less influence because the dry cooler is run at maximum power for shorter 

time. The Recharging cases have substantially higher electricity consumption since the fans are 

not slowed down at lower temperatures and therefore run a much longer time at the maximum 

fan power.  

 

5.2 Borehole Temperatures 
In Figure 29 the calculated average fluid temperature in the borehole is presented over time for 

three borehole lengths for the case Unloading 1. The temperature varies around 3 °C between the 

summer and the winter with 212 m boreholes which is the required length to reach the design 

parameters in this case. With shorter boreholes the temperature variations is larger, around 6 °C 

for 150 m. This is because the area that releases the heat is smaller and the boreholes reach a 

smaller volume of the ground that can take up the heat. For the recharging cases the temperature 

variation is much larger, 10 °C as shown in Figure 30. This is because the recharging cases take 

out heat during the winter which decreases the temperature more than just letting them rest 

during the winter. 

With a too high temperature in the ground the required temperature of 14 °C out from the 

boreholes cannot be maintained. How the temperature in the ground is distributed both in space 

and time is presented in chapter 4.3. In the base case shown in figures 19-21 the temperature 

around the boreholes is quite similar both lengthwise and horizontally. Except for the outer 

boreholes and the last few meters where the temperature is a bit lower. The temperature around 

the boreholes will affect the amount of heat transferred into the ground since the temperature 

difference between the ground and the borehole is the driving force for heat transfer. The 

temperature around most boreholes is 9-11 °C after 5 years, 12-14 °C after 10 years and 15-17 °C 

after 20 years. Since the temperature of the fluid entering the borehole is around 18 °C the heat 

transfer to the ground will decrease with time. Since the temperature is lower around the outer 

boreholes more heat will be released to the ground through these boreholes. 
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For the unloading and recharging cases with another borehole configuration using tilted 

boreholes the temperature profile in the ground looks significantly different. This is shown in 

figures 22-27 where we can see that the temperature in the ground varies with the depth. This is 

because the boreholes are located so densely at the top. The heat that is released at the top is then 

distributed to a smaller volume which is heated up more rapidly than the rest of the volume. 

In figures 22-24 we see the temperature distribution for the Unloading case 1 with a sufficient 

borehole length of 212 m. The ground temperature around the top of the boreholes is 14-16 °C 

after 5 years, 15-17 °C after 10 years and 17-18 °C after 20 years. With a fluid incoming 

temperature of 18 °C the heat transfer in the top of the boreholes will be substantially worse than 

in the bottom of the boreholes where the ground temperature is affected less. When the ground 

temperature is 18 °C the heat transfer at that point will be zero and that part of the borehole will 

not be used. To avoid this phenomenon the boreholes could be placed with a larger distance or 

another type of heat exchanger could be used. With a coaxial heat exchanger with an insulated 

centrum pipe the highest temperature of the fluid comes in contact with the ground at the 

bottom of the borehole. Then the temperature of the fluid is lower when it comes in contact with 

the ground near the surface.  

5.3 Geothermic Heat Flow 
The nuclear activities and high temperatures deep in the ground give rise to a geothermic heat 

flow towards the surface of the earth. This heat flow can be very high in areas with seismic 

activities but in Sweden this heat flow is usually very small. A test was performed to see how the 

geothermic heat flow influences the performance of the system. The geothermic heat flow that 

another simulation software (EED) recommends for the Stockholm area (0.05 W/m2) is applied 

at the bottom boundary of the simulated ground. A simulation for the case Unloading 1 with the 

appropriate borehole length was run to see any difference in results.  

The simulation showed no differences between the results with or without the geothermic heat 

flow. The reason for this is probably that the heat flow rate is considerably smaller than the load 

from the boreholes. This small heat flow has no effect on the temperatures of the boreholes.  

Another approach could be to use a temperature profile that has a temperature increase of 1-3 

°C/100 m as boundary and initial condition for the numerical model.  

5.4 Simulation Model 
The simulation model used in this work is a numerical heat transfer model in the software 

COMSOL Multiphysics. The geometry is modeled as described in chapter 3 and it is only the 

heat transfer in the ground that is numerically analyzed. In the model a heat load is applied 

homogeneously over all the borehole surfaces. This is a simple but perhaps not optimal solution. 

The drawback is that it does not take the temperature of the fluid inside the borehole into 

account. This means that heat is transferred to the ground even though the ground has a 

temperature above 18 °C which is the maximum fluid temperature in this project. In a real case 

more heat would be transferred to the ground at greater depths where the temperature is lower 

and the upper parts of the boreholes would not transfer any heat to the ground. A simulation 

method alternating the temperature of the borehole wall is more difficult. The temperature is 

actually the unknown variable and it is not known beforehand. One solution to this problem 
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could be to distribute the load along the borehole depending on its vertical temperature profile so 

that less heat is released at the top of the borehole where the temperature is high and more is 

released further down the borehole where the ground is colder. Developing the simulation model 

further is not within the scope of this project but could be a suggestion for future studies on the 

subject.  

The advantage with the simulation model used in this project compared to other available 

software is that it takes the three dimensional heat transfer into account and not only the radial 

heat transfer. As explained before, the tight placement of the boreholes at the top give rise to an 

uneven temperature distribution in the ground. This temperature distribution gives rise to heat 

transfer from the warm parts of the ground to the colder parts further down. In Figure 38 this 

distribution is shown with arrows that show the direction of the heat transfer in the ground. The 

figure is from the Unloading case 1 after 20 years. 

 
Figure 38: Plot with heat flow arrows indicating the direction of the heat flow.  

The figure above clearly indicates that heat is transferred from the upper area to the lower areas 

in the ground. Since other software do not really take this phenomenon into account for tilted 

boreholes it can have an effect on the results when sizing these kinds of systems. Since the figure 

is taken at a time during the winter when the outdoor temperature is low, some heat flow arrows 
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are directed upwards to illustrate that heat is released to the ambient. Figure 38 show all arrows 

having the same size and not taking the magnitude of heat transfer into account. In Figure 39 the 

size of the arrows also shows the proportional magnitude of the heat transfer.  

 
Figure 39: Plot with heat flow arrows indicating the direction and magnitude of the heat flow. 

Figure 39 shows that the heat flow is largest at the surface with the large temperature changes 

there that come from the varying outdoor temperature. This figure represents the heat flow 

during the winter and therefore a lot of heat is released to the cold air above. The arrows 

indicating heat transfer downward as shown in Figure 38 are substantially smaller but still exist 

and can have an effect on the results.  

5.4.1 Software comparison 

The software that is more popularly used when sizing borehole energy systems is, in Europe, 

Earth Energy Designer (EED) as mentioned in the literature study. This software has a limited 

amount of borehole geometries that it can handle and it cannot handle tilted boreholes. To 

compare results from this software with the results from this study in section 4.3 a geometry that 
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resembles the real geometry was used in EED. This fictional geometry consists of 20 straight 

boreholes in a 6 x 6 holes open square configuration with a spacing of 15 m. This is close to 

placing straight boreholes on the middle point of the tilted boreholes when seen from above. In 

the EED simulation, the same load, borehole length and other conditions as in the case 

Unloading 1 were used. The resulting fluid temperatures are shown in Figure 40 below together 

with results from the corresponding Comsol calculations from Figure 29 .  

 

 
Figure 40: Yearly maximum and minimum temperatures from the EED calculation compared with the 
Comsol calculations. 

When comparing the results from the different softwares it is obvious that EED gives slightly 

higher temperatures than the Comsol simulation done in this project. This indicates that this 

approximation of the geometry in EED can result in errors when sizing the system. The 

temperatures are especially higher in the first years indicating that the error would be quite large if 

the evaluation period is short.  

To get the same results as in the numerical simulations, the borehole spacing in the EED 

calculation has to be changed to 25 meters resulting in an open square with 125 m sides as shown 

in Figure 41.  
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Figure 41: Illustration of the geometric configuration used. 

The approximation to place the straight boreholes on the middle point of the tilted boreholes 

when seen from above will result in an oval that is 75 m high and 86 m wide. The geometry in 

Figure 41 is substantially larger and represents placing the straight boreholes roughly 4/5 of the 

length from the top of the borehole when seen from above.  
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6. CONCLUSIONS 
The main conclusion that can be drawn from the results and analysis is that the most suitable 

configuration for ground source cooling is that in the Unloading 3 case. This is, of course, only 

valid under the conditions proposed in this study and other installations can be studied in a 

similar way when determining the most suitable configuration. This case has a dry cooler with 

100 kW capacity at 8 °C which is used for unloading i.e. the fans are slowed down at lower 

temperatures so that the dry cooler never extract more than 100 kW of cooling. This case has the 

lowest life cycle cost due to the combination of low annual and investment costs. The case with 

the smallest environmental impact is the base case since it has the lowest electricity consumption.  

Using the dry cooler to recharge the boreholes will save some borehole depth and investment 

cost if it is controlled in the right way, but the high electricity consumption makes the recharging 

mode more expensive in the long run with higher life cycle cost. Without a dry cooler for 

unloading or recharging, as in the base case, the number of boreholes will be very large and the 

investment cost will be about the double compared to the other cases.  

In the unloading cases a smaller dry cooler will give less cooling with higher electricity 

consumption even though the maximum fan power is lower. This is because they are slowed 

down at a lower temperature and therefore work at maximum fan speed for a longer time.  

The biggest advantage with the numerical model used for calculations of the heat transfer around 

the boreholes is that it includes tilted boreholes and takes three dimensional heat transfer into 

account. The model can also be adjusted to represent almost any borehole geometry, even 

deviations from the drilling of the boreholes. It is possible to assign different loads on different 

boreholes in a borehole field and also analyze each borehole separately.   
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APPENDIX A 

Borehole load curves 

The borehole load for the different cases is presented in figures 42-43 below. 

 
Figure 42: Borehole load during one year for all the Unloading cases. 

 

 
Figure 43: Borehole load during one year for the Recharging cases. 
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APPENDIX B 

Compilation of components and costs 

The different components, models, quantity and costs for the different cases are shown in table 

5-11 below.  

Table 5: Components and costs in the base case. 

Item Model Quantity Cost Source 

Boreholes - 11 880 m 250 SEK/m (Jansson, 2012) 

Pump Grundfos TP 50-180/2 2 pcs 2 751 € (Grundfos, 2012) 

Pipes, valves etc.  - 130 m 140 SEK/m (Gustavsson, 2012) 

Installation cost - - 100 000 SEK (Gustavsson, 2012) 

 

Table 6: Components and costs in the Unloading case 1. 

Item Model Quantity Cost Source 

Boreholes - 4 240 m 250 SEK/m (Jansson, 2012) 

Dry Cooler AIA X2-D-80Q1L-2-3E-
3B1-V-900-14 

1 pcs 100 000 SEK (Widing, 2012) 

Pump 1 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 2 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 3 Grundfos TP 50-180/2 1 pcs 2 751 € (Grundfos, 2012) 

Heat Exchanger Alfa laval CB200-90MIX 1 pcs 40 000 SEK (Gustavsson, 2012) 

Pipes, valves etc. - 210 m 140 SEK/m (Gustavsson, 2012) 

Installation cost - - 200 000 SEK (Gustavsson, 2012) 

 

Table 7: Components and costs in the Unloading case 2. 

Item Model Quantity Cost Source 

Boreholes - 4 200 m 250 SEK/m (Jansson, 2012) 

Dry Cooler AIA X2-D-100Q1L-2-3E-
3B1-V-900-14 

1 pcs 110 000 SEK (Widing, 2012) 

Pump 1 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 2 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 3 Grundfos TP 50-180/2 1 pcs 2 751 € (Grundfos, 2012) 

Heat Exchanger Alfa laval CB200-90MIX 1 pcs 40 000 SEK (Gustavsson, 2012) 

Pipes, valves etc. - 210 m 140 SEK/m (Gustavsson, 2012) 

Installation cost - - 200 000 SEK (Gustavsson, 2012) 

 

Table 8: Components and costs in the Unloading case 3. 

Item Model Quantity Cost Source 

Boreholes - 3 900 m 250 SEK/m (Jansson, 2012) 

Dry Cooler AIA X2-D-100Q1L-2-4E-
4B1-V-900-20 

1 pcs 130 000 SEK (Widing, 2012) 

Pump 1 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 2 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 3 Grundfos TP 50-180/2 1 pcs 2 751 € (Grundfos, 2012) 



61 
 

Heat Exchanger Alfa laval CB200-90MIX 1 pcs 40 000 SEK (Gustavsson, 2012) 

Pipes, valves etc. - 210 m 140 SEK/m (Gustavsson, 2012) 

Installation cost - - 200 000 SEK (Gustavsson, 2012) 

 

Table 9: Components and costs in the Unloading case 4. 

Item Model Quantity Cost Source 

Boreholes - 3 900 m 250 SEK/m (Jansson, 2012) 

Dry Cooler AIA X2-D-100Q1L-3-3E-
5B1-V-900-20 

1 pcs 185 000 SEK (Widing, 2012) 

Pump 1 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 2 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 3 Grundfos TP 50-180/2 1 pcs 2 751 € (Grundfos, 2012) 

Heat Exchanger Alfa laval CB200-90MIX 1 pcs 40 000 SEK (Gustavsson, 2012) 

Pipes, valves etc. - 210 m 140 SEK/m (Gustavsson, 2012) 

Installation cost - - 200 000 SEK (Gustavsson, 2012) 

 

Table 10: Components and costs in the Recharging case 1. 

Item Model Quantity Cost Source 

Boreholes - 3 200 m 250 SEK/m (Jansson, 2012) 

Dry Cooler AIA X2-D-80Q1L-2-3E-
3B1-V-900-14 

1 pcs 100 000 SEK (Widing, 2012) 

Pump 1 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 2 Grundfos NB 40-125/142 2 pcs 3 849 € (Grundfos, 2012) 

Pump 3 Grundfos TP 50-180/2 1 pcs 2 751 € (Grundfos, 2012) 

Pump 4 Grundfos TPE 50-60/2-S 1 pcs 2 075 € (Grundfos, 2012) 

Heat Exchanger Alfa laval CB200-90MIX 2 pcs 40 000 SEK (Gustavsson, 2012) 

Pipes, valves etc. - 210 m 140 SEK/m (Gustavsson, 2012) 

Installation cost - - 200 000 SEK (Gustavsson, 2012) 

 

Table 11: Components and costs in the Recharging case 2. 

Item Model Quantity Cost Source 

Boreholes - 3 800 m 250 SEK/m (Jansson, 2012) 

Dry Cooler AIA X2-D-100Q1L-2-3E-
3B1-V-900-14 

1 pcs 110 000 SEK (Widing, 2012) 

Pump 1 Grundfos Magna 50-120 F 2 pcs 2 568 € (Grundfos, 2012) 

Pump 2 Grundfos TP 65-410/2 2 pcs 4 812 € (Grundfos, 2012) 

Pump 3 Grundfos TP 50-180/2 1 pcs 2 751 € (Grundfos, 2012) 

Pump 4 Grundfos TPE 50-60/2-S 1 pcs 2 075 € (Grundfos, 2012) 

Heat Exchanger Alfa laval CB200-90MIX 2 pcs 40 000 SEK (Gustavsson, 2012) 

Pipes, valves etc. - 210 m 140 SEK/m (Gustavsson, 2012) 

Installation cost - - 200 000 SEK (Gustavsson, 2012) 

 


