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Preface 
The heat storage research at the Division of Water Resources 
Engineering, Luleå University of Technology, was initiated by 
Prof. Lars Bengtsson and Anders Forsén. My first contact with 
seasonal heat storage was in 1979 when Prof. Bengtsson 
encouraged me to enter this field. After a brief inventory of 
different storage techniques, we decided to focus on the 
borehole heat store. 
During the discussions on a test store in 1980, Dr Urban 
Svensson suggested a time-scaled pilot plant. Without his idea, 
which compressed 5 years of operation into the summer of 1981, I 
doubt that seasonal heat storage research would have continued 
in Luleå. The initial studies and the pilot plant test were 
reported in my licentiate thesis (Nordell, 1986). 
The construction of the large-scale borehole heat store in Luleå 
started in 1982. The project group included several impressive 
characters, e.g. Torgny Sehlberg, Luleå Energy AB (LEAB), and 
Sören Andersson, AIB Consulting Engineers Stockholm, who 
demonstrated outstanding professional qualities.  
The evaluation work for the pilot plant and the large-scale 
store, 1979-1988, required cooperation with several departments 
in Luleå and other universities. My most important cooperation 
partner was Dr Göran Hellström at the Ground Heat Group, Lund 
Institute of Technology. The Ground Heat Group performed most of 
the simulations of the operation of the store and was also 
discussion partners throughout the project.  
The basic idea of this study, to optimize the design of borehole 
heat stores, grew strong from discussions with Dr. Hellström. 
These discussions have continued during the work. When 
programming the optimization model, the help of Thomas Blomberg 
at the Ground Heat Group has been indispensable.  
This work has been encouraged by Prof. Anders Sellgren, Dr Hans 
Hydén and Dr Johan Claesson who outlined the structure of this 
thesis and guided me through the scientific distress. Their 
assistance is greatly acknowledged. I am grateful to the 
sustained financial support from the Swedish Council for 
Building Research (BFR) and especially Dr Björn Sellberg for his 
help and engagement in finishing this work. Helpful comments 
from Dr Simon Cripps, Dr Patrik Andreasson and Peter Ohlsson are 
also acknowledged. 
 
 
 Bo Nordell 
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0. INTRODUCTION 
 

 
The oil crisis in 1974 focused interest on the more efficient 

use of energy. The Swedish Council for Building Research (BFR) 

started to support corresponding research some years later. 

Seasonal storage of heat was one such field and the borehole 

heat store was one storage idea that seemed to be promising.  

0.1. Objectives and Scope of the Study 
The objective of the study described in this thesis was to 

investigate and develop the borehole heat store to a point where 

it, if possible, would be an option in Swedish heating systems.  

 

Outline of the Thesis: A Three-Step Task 

Physical Analysis 

- Physical Understanding, Theory 

- Verification, Pilot Plant Test 

Construction Analysis 

- Pre-investigation (Ground Water, Soil and Rock Properties) 

- Construction Work  

- Experiment, Large-Scale Plant 

Cost Analysis 

- Design Optimization Model 

- Parameter Study  

0.1.1. Physical Analysis 
This work started in 1979, with an inventory of different 

seasonal storage ideas. The borehole heat store was selected for 

further studies. The first theoretical study of the borehole 

heat store, 1979-1980, indicated that it was possible to charge, 

store and recover heat in large-scale stores. A pilot plant test 

was performed during 1981. This test was time-scaled, so that 24 

days of operation corresponded to one year in a full-scale 

plant. Performed measurements verified the theoretical calcu-
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lations which predicted the thermal behaviour of the store.  

0.1.2. Construction Analysis 
The very first large-scale borehole heat store was constructed 

in Luleå during 1982-83. The detailed design was performed 

during the construction work as a result of performed pre-

investigations, because of lack of experience in this field. The 

pre-investigations included e.g. geological, geotechnical and 

geo-hydrological tests. The construction work, especially the 

drilling, was studied in detail. The first five years of 

operation were monitored.  

0.1.3. Cost Analysis 
An optimization model was developed to determine the optimum 

design of the borehole heat store. This model, which considers 

both the thermal behaviour and the cost of the store, determines 

a large number of designs that fulfil the storage task. The 

design that achieves the storage task with a minimum annual 

storage cost is considered the optimum design.  

The model does not optimize the heating system but the 

construction of the store, given a defined storage task. The 

storage task is defined by the amount of extracted heat, flow 

rate and temperature of the injection/extraction water. This 

temperature is defined by a sinusoidal curve over the year.  

The model was used to determine a reference store, considered 

state-of-the-art design in 1991. Based on this design a 

sensitivity analysis of the different technical parameters and 

cost parameters was performed. Each parameter was studied 

separately, while the others were constant as defined by the 

reference store. The model was also used to compare the optimum 

and existing designs of three actual stores. 
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1. BACKGROUND 

1.1. Energy Storage 
Energy storage is widely spread, with everyday applications. To 

give some examples, electrical energy is stored in batteries, 

kinematic energy in fly wheels, potential energy in water 

reservoirs and thermal energy in heat stores. In addition to the 

different types of energy, the basic difference in energy 

storage systems is the duration of the storage period. There are 

systems for energy storage during hours, days, weeks, months and 

between seasons. 

The most common heat 

stores are used for short 

time storage, for a few 

hours in vacuum flasks or 

in geysers (water 

heaters) during nights.  

By understanding the 

geyser system, a good 

general understanding of 

heat storage is gained. 

Assuming a geyser of 150 

l capacity, in which the heated water is used for showers in the 

evenings and mornings. One kW of power is needed (150 l, ΔT=50 , 

9 h heating) to heat the water during the night. In a direct 

system 35 kW is needed (0.2 l/s, ΔT=40 ) to heat the water when 

tapped, Figure 1. The advantage of the geyser system is purely 

economic; it is less expensive than the hot water production of 

a direct heating system. 

The duration of the storage period and the number of annual 

storage cycles, are very important design criteria. Many short 

term storage cycles, enable more expensive and sophisticated 

designs. In a short time storage system, a few percentage daily 

 
 
Figure 1.1. The geyser system reduces 
required power. In the direct heating 
system 35 kW is needed compared to 1 kW 
in the geyser system.   
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heat loss is not very important. In seasonal thermal storage 

systems, where thermal energy is stored for months in one annual 

cycle, the daily heat loss must be low. Large storage volumes 

entails low relative heat losses. Long storage periods require 

inexpensive stores. Large, inexpensive storage volumes with low 

relative heat losses are required, so seasonal stores are 

usually located underground. 

1.2. Ground Heat Stores 
Heat is charged and discharged by heating and cooling the 

storage volume. In ground stores, heat is stored in soils, 

clays, sands or rocks. In large scale applications the store is 

usually not thermally insulated. The heat is stored in the solid 

material, but some heat is also stored in existing ground water. 

Lundin (1985) summarized about 100 large scale thermal energy 

storage projects throughout the world. There are two different 

types of ground heat stores, aquifer stores and duct stores.  

The storage medium of an aquifer store is the combined volume of 

sand and water of the aquifer. Heat is transported into the 

storage volume by the heated ground water, flowing through 

permeable layers of the aquifer. In duct stores, heat is 

transported into the storage volume by heat conduction from 

ducts, which perforate the store. The ducts, which are usually 

drilled, are heated by a circulating heat carrier, usually 

water. A further type of store is water-filled underground 

caverns, considered as ground heat stores but, in which heat is 

stored in the water. 

The thermal properties of the ground are of fundamental 

importance for the functioning of a heat store. The heat 

capacity of different types of rocks lies within a narrow range, 

at about 0.6 kWh/m3,K. Table 1.1 and eq.(1.1) indicate the 

volumes required in ground heat stores, even if heat loss is not 

considered. 

∆ ∙
      (1.1) 
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where  V = storage volume (m3) 

 E+= stored energy (kWh) 

 C = volumetric heat capacity (kWh/m3,K) 

 ΔT= temperature difference (max-min) of the volume (K) 

 
Table 1.1. Thermal Properties of Rocks, Minerals and Water.  
After Ericsson (1985), see also Sundberg (1988). 
Type of 
Medium 

 Density 
 

 (kg/m3)   

Thermal 
Conductivity 
  (W/m,K)   

 Heat    
Capacity 
 kJ/kg,K)  

Volumetric Heat 
Capacity 
(kWh/m3,K) 

Granite 
Pegmatite 
Syenite 
Diorite 
Gabbro 
Diabase 
Sandstone 
Clayshale 
Limestone 
Quartzite 
Gneiss 
Leptite 
Marble 
Water 

2700 
2700 
2650 
2800 
3000 
3000 
2700 
2800 
2700 
2650 
2700 
2700 
2700 
1000 

2.9 - 4.2  
2.9 - 4.2  
2.2 - 3.3  
2.2 - 3.3  
2.2 - 3.3  
2.3 - 3.3  
3.0 - 5.0  
1.7 - 3.5  
1.7 - 3.0  
5.0 - 7.0  
2.5 - 4.7  
2.7 - 4.5  
2.5 - 3.5  
  0.62    

   830 
   830 
   850 
   850 
   860 
   860 
   730 
   850 
   840 
   790 
   830 
   830 
   770 
 4180 

0.62 
0.62 
0.65 
0.66 
0.72 
0.72 
0.55 
0.66 
0.63 
0.58 
0.62 
0.62 
0.58 
1.18 

 

The annual heat demand of a one-family house in Sweden is about 

24000 kWh. A rock volume of 1000 m3 is required to store this 

amount of energy, assuming that the temperature of the rock is 

raised by 40 , see eq.(1.1). It is not however possible to use 

such a small un-insulated seasonal heat store, because of the 

heat loss. The heat loss is not only a function of the volume 

and the temperature of the store but also of the thermal 

conductivity of the ground. The thermal conductivity varies 

considerably between different types of rock. Thermal properties 

of some minerals, rocks and water are listed in Table 1.1. 

1.2.1.  Underground Caverns 
In rock caverns, heat is stored as hot water in the excavated 

volume. The main advantage is that large amounts of heat can be 

charged and recovered during a short period. This is important 

in many applications. The heat injection/extraction rate of 
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water stores is only limited by the capacity of the pumps. 

Another advantage, compared with ground heat stores is that the 

heat capacity of water is approximately twice as high as the 

capacity of rocks. Thus, the required storage volume is only 

half that of a ground heat store. The main problems with this 

type of store are the high construction cost and that large 

underground caverns require fairly good rock. The Lyckebo store, 

close to Uppsala, is the largest, excavated, rock cavern heat 

store, with a volume of 100,000 m3. This partly solar heated 

store has been in operation since 1983, see Kjellsson (1984). 

1.2.2. Aquifer Stores 
Ground water, if not to deep below ground surface, is usually at 

a temperature close to the annual mean air temperature. So 

ground water is sometimes used for cooling purposes. Such 

systems include several wells from which the water is pumped. A 

heat exchanger transfers the cold of the ground water, and a 

pipe system conducts the used (heated) water away. The heated 

water may be reinjected into the aquifer if the injection wells 

and extraction wells are sufficiently separated. If not, the 

temperature of the used water will raise the temperature of the 

extraction water.  

The aquifer store is a similar plant. The distance between the 

wells however, is chosen so that the injected water does not 

reach the extraction wells until it is time to recover the heat. 

The first seasonal ground heat stores were made in aquifers. In 

such stores, hot water is injected into the aquifer. The hot 

water then flows from one or several injection wells. As the 

water flows through the ground, the solid material of the 

aquifer is heated. At some distance from the injection wells, 

extraction wells are used to control the flow through the 

aquifer. A large storage volume is required to achieve 

acceptable heat losses. Heat is injected for about half a year. 

When recovering the heat, the water flow through the aquifer is 
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reversed, the former injection wells then become extraction 

wells. Thus, the last injected heat is first extracted. 

Many aquifer storage systems were used in China at the beginning 

of the 1960's, for cooling and heating purposes of industrial 

buildings in Shanghai (Tian, 1980). There are Swedish aquifer 

stores in Skåne and the Stockholm region. Some are cold stores 

but there are also systems for both heating and cooling purposes 

(Backman and Nordell, 1991). Typically the aquifer store is used 

for low temperature applications, to avoid water chemistry 

problems like clogging, which reduces the hydraulic conductivity 

of the aquifer. A major problem with this type of store is that 

large aquifers in urban areas are usually used for drinking 

water supplies, and are not then available for heat storage 

purposes. 

1.2.3. Duct Stores 
Duct stores are constructed in soils, clays and rocks. Different 

types of ducts work as ground heat exchangers to heat or cool 

the ground store. The heat carrier is pumped through the duct 

and heat is conducted into the surrounding ground. The ducts, 

which are usually drilled, perforate the ground volume. Pipe 

installations are located in the holes, to direct the heat 

carrier. The borehole heat store is one type of duct store.  

In soil and clay stores U-pipes are installed in the holes, 

which are filled with, for example sand or clay. Franck (1986) 

describes several clay stores in Sweden.  

Two different circulation systems, open or closed, are used in 

duct stores in rock. The disadvantage of duct stores is that 

they cannot cope with large load variations. The main advantage 

is the low construction cost. 

A combined duct/hot water store was built in 1985 in Kerava, 

Finland, (Vuorelma, 1982; Lund, 1987). This store has a central, 

top insulated water filled pit, excavated in rock, surrounded by 

boreholes. The upper part of the store is at ground level. 
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There are also a few storage designs which have been proposed 

but not realized. Larsson (1980) suggests another design of the 

ducts in heat stores in rock. In this design, a few boreholes 

are drilled in rock and connected by several parallel, 

horizontal fractures. The distance between the holes is about 50 

to 100 m. The fractures are created by hydraulic fracturing. The 

boreholes are used for injection and extraction and the created 

fractures exchange heat between the heat carrier and the rock. 

This store is a combination of the aquifer and the duct store.  

Gustafsson (1984, 1988) proposed a combination of a duct store 

and a rock cavern store which has the advantages of both 

systems. Here the holes are drilled vertically between two or 

more excavated caverns. The main part of heat is stored in the 

rock volume, between the caverns. Part of the heat is stored in 

the water filled caverns, which also could be used as a short-

term storage. 

1.3. Borehole Heat Stores  

1.3.1. History 
The idea of storing heat in borehole heat stores originates from 

Brun (1965, 1967). The idea was to inject high temperature steam 

into boreholes drilled in rocks. The injected heat could later 

be recovered by injecting water into the holes. About ten years 

later this original idea was modified and further developed in 

Sweden. 

Platell (1981) started the Sunstore project in 1977, which was 

the very first solar connected low temperature borehole pilot 

plant. Modin (1977) calculated the heat flow from one borehole 

and estimated the volumes needed for seasonal heat stores in 

rocks. Claesson et.al. (1978) carried out basic studies of the 

temperature development around heat pipes. They performed 

analyses and computer simulations of heat extraction from soils. 

Agerstrand (1980) reported results from field tests on heat 
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extraction boreholes in rocks. The theoretical work on heat 

extraction boreholes was important since it was the starting 

point of mathematical modelling of borehole heat stores. The 

theoretical work of the Ground Heat Group at Lund Institute of 

Technology accelerated ground storage research in Sweden. 

Claesson (1979) studied the thermodynamics of sensible heat 

storage systems in which the temperature degradation is 

included. Claesson and Johansson (1979) applied the 

superposition technique for the heat flow between the boreholes 

in a duct storage system. Johansson and Nordell (1980) performed 

calculations on borehole heat stores in crystalline rocks. This 

project was followed by a time-scaled pilot plant in Luleå, see 

Section 3.1 and Andersson et.al (1983b). Claesson and Hellström 

(1981) performed model studies of duct storage systems and 

analyzed the local thermal processes around the boreholes and 

its coupling to the global processes and the surrounding ground.  

There have been made several studies on the potential and the 

economics of seasonal heat storage systems in Sweden. The 

potential number of future heat stores was determined by the 

storage economy. (Hydén, 1985; Margen, 1985). 

In 1982 the construction work of the very first large scale 

borehole heat store started in Luleå. This store has been in 

operation since 1983. Nordell (1987, 1990b) described the plant 

and summarized experience from five years of operation, see also 

Section 3.2. A few more large scale stores were constructed 

subsequently. 

1.3.2. International Conferences 
The international research activities gives an insight in the 

development of ground heat storage technique. The first interna-

tional conference on seasonal heat storage took place in Seattle 

(1981). At this conference a few, mostly theoretical, studies 

were reported. 

The second international conference on thermal heat storage was 
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held in Stockholm (1983). At this conference computer models, 

several small scale tests and pre-studies of planned large scale 

plants were presented. 

The following conference was in Toronto (1985) and the topic was 

experience from different test plants and simulation models. At 

this time, several long term field tests were started, and it 

was found that a conference every second year was too often. So 

the next conference was held in Versailles in 1988, where cost 

and economy were discussed more than in previous years. The 

fifth subsurface heat storage conference, Scheveningen (1991) in 

the Netherlands, focused on "Applications of both short term and 

long term thermal energy storage" and "Environmental benefits 

and impacts of thermal energy storage". The next international 

conference in this field, Calorstock, will be held in Helsinki 

in 1994.  

1.3.3. Principle 
The principle of the borehole heat store is that heat is charged 

and stored in a rock volume. When charging the store the rock is 

heated. When discharging the store the heated volume is cooled. 

The rock volume is perforated by many generally vertical 

boreholes, that work as heat exchangers between the store and 

the heat carrying fluid, usually water. During the charging 

period, hot water is circulated in the boreholes and heat is 

transported into the 

rock volume by heat 

conduction. During the 

extraction period the 

heat is recovered by 

circulating "cold" water 

in the boreholes and 

heat is conducted from 

the rock into the 

boreholes. 

 
Figure 1.2. Section of occurring 
geometries of borehole heat stores.  
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The boreholes are drilled through the soil overburden. The 

diameters of the holes are usually that of ordinary well 

drilling equipment; about 110 mm. The spacing between the holes 

is usually constant. The shape of the store is important for the 

heat loss. A compact geometry reduces heat loss. Preferably the 

boreholes are drilled within a quadratic or circular storage 

land area. Sometimes, to reduce the required land area the holes 

are drilled obliquely out from the store rather then vertically. 

This gives the store a broom-like shape. Current geometries of 

borehole heat stores are shown in Figures 1.2-1.3.  

 

Figure 1.3. Plan of land 
area. The drilling is 
made within a rectangular 
or circular land area 
where the boreholes are 
placed in a quadratic or 
hexagonal pattern. 
 

 

 
 

 
 
 
 
 
Figure 1.4. Storage 
capacity as a 
function of storage 
size. The store is 
constructed in 
granite with a 
temperature 
difference of 40oC. 
 

 

 

 

The thermal properties of rocks enable storage of heat, in large 

storage volumes, with fairly small heat losses per unit volume. 
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Figure 1.4 shows the storage capacity as a function of storage 

volume, as calculated by eq.(1.1). This granitic storage volume 

is assumed to have an annual temperature difference of 40 , 

between the maximum and minimum temperature.  

The stationary annual heat loss, for a given annual mean 

temperature of the store, is a function of the volume, shape and 

the thermal conductivity of the store. Eqs.(1.2)-(1.3) define 

the heat efficiency (heat recovery factor), η, and the relative 

heat loss of the store, θ, respectively. 

      (1.2) 

     (1.3) 

Here E+ is the annual heat injection and E- the annual heat 

extraction. Thus the heat loss is the difference between E+ and 

E-. Figure 1.5a shows the relative heat loss as a function of 

volume assuming that only heat conduction is involved in the 

heat transport. There are situations where convective losses to 

ground water, must be considered. 

1.3.4. Borehole Installations 
Since the store works as a large heat exchanger, both during 

charging and recovering of the heat, the most important parts of 

the store are the boreholes and the pipe installations that 

direct the heat carrier through the boreholes. The purpose of 

the borehole installations is to achieve an efficient heat 

transfer, between the heat carrier and the rock volume. Cost  
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Figure 1.5. a/ 
The relative sta-
tionary heat loss 
as a function of 
storage volume. 
b/ The transient 
heat loss as a 
function of time. 
 
 
 

 

must however be considered, and thus the installation is a 

compromise between cost and efficiency. There are several 

different installations, but only two basic types, depending on 

whether the circulation system is open or closed. In an open 

system the heat carrier is in direct contact with the wall of 

the borehole. In a closed system the heat carrier is circulated 

in a closed pipe system through the boreholes. 

1.3.4.1. Open Systems 
The active part of the 

borehole is below the 

ground water surface. 

The ground water must be 

close to ground surface, 

not more than about 5 m 

below ground, if the 

circulation pump is 

located at ground level. 

Since the circulated 

water is in contact with 

the rock, water 

chemistry problems 

sometimes occur as a 

 
Figure 1.6. Open circulation system 
with and without pipe installlations. 
a/ The Luleå system 
b/ U-drilled boreholes 
c/ Horizontal bottom fracture. 
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result of hot water/rock interaction (Claesson, 1983). This 

could lead to scaling in heat exchangers and pipe systems. The 

advantage with the open system is the good heat transfer between 

the fluid and the rock, see Section 2.6. Usually the heat 

carrier flows to the bottom of the hole in a concentrically 

placed pipe. The heat carrier leaves the pipe and flows upwards 

in contact with the rock wall. At the bedrock surface another 

pipe conducts the flow over to the next borehole. This circula-

tion system, see Figure 1.6a, is used in the borehole heat store 

in Luleå. 

No pipe installation would be required if it was possible to 

drill U-shaped holes, see Figure 1.6b. In such a case water 

would be pumped into one end of the hole and collected in the 

other end. Since this is not yet possible Nordell et.al. (1984, 

1986) tested fracturing of the rock at the bottom of the 

boreholes, to obtain the hydraulic contact between the holes, 

see Figure 1.6c and Section 3.1.2. If the fracture zone is 

permeable enough, this 

would result in an 

adaptable circulation sys-

tem. Any hole could be u-

sed for injection or 

extraction.  

Since the fractures cre-

ated were not as wide as 

expected, an attempt was 

made to widen the fracture 

planes of the pilot plant 

by circulating a leaching 

fluid through the 

fractures (Nordell et.al. 

1989a, 1989b). This test 

is further described in 

Section 3.1.3. 

¨
Figure 1.7. Closed circulation sys-
tems. a/ U-pipes in a water filled 
borehole. b/ U-pipes in a concrete 
filled borehole. c/ A large number 
of small fluid channels close to 
the wall (c-pipe)  
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1.3.4.2. Closed Systems 
The closed system, see Figure 1.7, is the most common circula-

tion system. This system can be most generally applied. One or 

more U-pipes are installed in the borehole. The heat carrier 

flows through the pipes and is never in contact with the walls 

of the borehole. The disadvantage with the U-pipe systems is the 

poor heat transfer between the heat carrier and the rock. One 

advantage is that water chemistry problems do not occur since 

there is no interaction between the heat carrier and the rock.  

 

In the U-pipe system the turbulence of the heat carrier brings 

the heat to the pipe wall. The heat is then conducted through 

the wall into the borehole filling of water or solid material. 

The heat transport through the filling material to the borehole 

wall is mainly conductive or slightly convective (in water 

filled holes).  

There is another type of closed system (C-pipe), for low tem-

perature applications. This installation, made of plastic, has a 

thermally insulated concentric pipe through which the heat car-

rier is pumped to the bottom of the borehole, where it is 

directed into a large number of small channels which are located 

close to the wall. The flow is laminar at high flow velocities 

because of the small dimensions of the channels. The many thin 

flow channels at the borehole wall result in a good heat 

transfer.  

1.3.4.3. Combined System 
In the combined system, the borehole is lined by a thin rubber 

coating to ensure that the borehole is water tight. The pressure 

of the water in the borehole presses the rubber coating closely 

to the borehole. Inside this "stocking" a conventional open 

system is installed. This is a concentrically placed pipe that 

ends at the bottom of the borehole. This circulation system, 

which combines the advantages of the closed and open installati-
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on, is closed. The heat transfer to the storage volume is good, 

through the impermeable thin rubber lining. It was installed at 

Stocksundstorp; a full scale, high temperature borehole store in 

rock. This store is not yet in operation because of problems 

related to the borehole installation.  

1.4    Existing Borehole Heat Stores  
Today there are several borehole heat stores in operation. Most 

of them are located in Sweden and a few are under construction. 

The map in Figure 1.8 shows some borehole heat store locations 

in Sweden. 

There are two major differ-

ences in the construction of 

borehole heat stores today and 

the first large scale store in 

Luleå. The borehole depth has 

increased to 100 - 120 m and 

closed pipe systems are 

installed in the boreholes. 

The borehole spacing is still 

about 4 m in all of the 

plants.  

In one case, Höstvetet, the 

store was drilled in a broom-

shape to reduce the required 

storage land area. In addition 

to the land cost reduction, 

this concept reduces the 

length of the pipes that 

connect the boreholes. In the 

Stocksundstorp project, the 

combined borehole installation 

was used. 

One of the reasons was that 

 
 
Figure 1.8. Map showing the 
location of some borehole heat 
stores in Sweden. 
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heat pumps will not be used during heat extraction and thus it 

becomes even more important to recover the heat with minimum 

reduction of the temperature. The changes in design have all 

aimed to reduce the construction cost.  

Ideal values of for instance the thermal properties of the rock, 

borehole spacing, borehole depth or even the thickness of the 

soil overburden are not available. There are no answers to these 

questions unless the total economics of the store are 

considered.  

A parameter study that includes cost data is part of this thesis 

to demonstrate the complexity of these questions.  
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2. THEORY - GOVERNING RELATIONSHIPS 
 
The basic concepts of heat transfer, between the heat carrying 

fluid (heat carrier) in the boreholes and the surrounding rock, 

and the heat flow process in the storage region are described in 

this chapter. 

The general equations that govern the thermal process in the 

ground and in the boreholes are presented in Section 2.1. The 

solution of these equations requires knowledge about the thermo 

hydraulic properties of the ground, the initial conditions, 

boundary conditions at the ground surface and loading 

conditions, Figure 2.1. The hydraulic properties of the ground 

and the effect of groundwater flow in the storage region are 

discussed in Section 2.2, thermal properties of the ground in 

Section 2.3 and boundary conditions at the ground surface in 

Section 2.4. 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Section 
of borehole heat 
store and some data 
required to 
determine the 
location of the 
store. 
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The initial conditions are determined by the undisturbed ambient 

ground temperature, which usually increases with depth due to 

the geothermal heat flow, see Section 2.5. A general description 

of the heat transport problem in the storage region is given in 

Section 2.6. The heat transfer between the heat carrier and the 

borehole wall depends on the arrangement of the flow channels in 

the borehole, the thermal properties of the material involved 

and the flow rate of the heat carrier. The heat transfer 

properties of the borehole are represented by a borehole thermal 

resistance, described in Section 2.7. 

The heat transfer capacity from the heat carrier to the store 

and the heat losses from the store, which are discussed in 

Section 2.8 and Section 2.9 respectively, are fundamentally 

important determinants of the thermal behaviour.  

2.1. Basic equations 
The governing partial differential equation for heat transport 

in a solid body is based on the principle of conservation of 

energy. The heat flow per unit area  (W/m2) is a function of the 

spatial coordinates and time t. In Cartesian coordinates (x,y,z) 

the components of 	are; Ex(x,y,z,t), Ey(x,y,z,t) and Ez(x,y,z,t). 

The equation for the energy balance is given by 

     (2.1) 

Where  is ( / , / , / . The density ρ (kg/m3) and the specific 

heat c (J/kg,K) both depend on the spatial coordinates and time. 

The energy content in a solid is given by the volumetric heat 

capacity C =ρ·c (J/m3,K) and the temperature T(x,y,z,t). 

The heat flow takes place by conductive heat flow and convective 

heat transport. Fourier's law states that the conductive heat 

flow cond at a given point is proportional to the temperature 

gradient: 

      (2.2) 

Here, λ (W/m,K) is the thermal conductivity of an isotropic 
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material. 

The rock is composed of grains from different minerals. The 

crystalline structure in a mineral grain is often such that the 

thermal conductivity is anisotropic i.e the thermal conductivity 

varies with the spatial direction of the heat flow, within the 

grain. Anisotropic thermal conductivity in a larger scale may 

result if the mineral grains have a preferential orientation of 

the crystal structure or by stratified mineral composition. Such 

thermal anisotropy, which is detectable in small samples, does 

usually not persist on the scale of the storage volume. The 

thermal properties of the storage volume can therefore be 

described by the average thermal properties, when the thermal 

performance of the store is considered. The thermal properties 

are further discussed in Section 2.3.  

      (2.3) 

The convective heat transport is given by: 

Where Tref (K) is an arbitrary reference temperature, which can 

be set to zero. The volumetric heat capacity and flow rate of 

the ground water are denoted Cw and w (m3/m2,s) respectively. For 

combined conductive and convective heat transfer, the ground 

temperature satisfies: 

     (2.4) 

The volumetric heat capacity of the rock is C. For constant 

thermal properties: 

	      (2.5) 

For an incompressible fluid, when 	 0, the divergence of the 

convective term can formally be rewritten as: 

    (2.6) 

Thus eq.(2.5) becomes: 

	       (2.7) 

The second term, ( 	 T) is due to the convective heat flux. It 

gives a convective displacement of the temperature field with 
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the "thermal" velocity: 

	
       (2.8) 

The convective heat transfer in low permeability rock can often 

be neglected as will be found in Section 2.2. The ground 

temperature then satisfies the general heat equation: 

       (2.9) 

For the case of an axi-symmetrical thermal process around a 

cylindrical storage region or a borehole, it is convenient to 

use a radial coordinate r and an axial coordinate z. 

      (2.10) 

Eq. (2.9) then becomes: 

The axial heat conduction in the rock along a borehole can often 

be neglected in the analyses of the local heat transfer between 

the borehole and the store. The radial heat flow problem is then 

given by:  

      (2.11) 

The boundary condition at the borehole wall at radius rb requires 

that: 

      (2.12) 

where q(t) (W/m) is the time-dependent heat injection rate per 

unit axial length of the borehole. 

The heat transfer between the heat carrier and the borehole wall 

is described with use of a borehole thermal resistance term, Rb. 

The relationship between the heat injection rate, fluid 

temperature Tf, borehole wall temperature Tb=T(r=rb), and 

borehole resistance Rb (K/W,m) is: 

     (2.13) 

2.2. Hydraulic Properties of the Ground 
The convective heat transfer by ground water flow is a 

combination of forced convection, or regional groundwater flow, 
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and natural convection due to buoyancy effects caused by the 

temperature difference between the storage region and the 

surrounding ground. The magnitude of the ground water flow in a 

fractured rock mass is determined by the permeability k (m2) or 

the hydraulic conductivity K (m/s) of the rock, and the local 

ground water gradient.  

The permeability is the intrinsic property of the porous 

material while the hydraulic conductivity also includes the 

properties of the fluid. This is shown by Darcy´s law which 

      (2.14) 

gives the flow velocity v (m/s) through a porous material:  

where I is the groundwater gradient;  is the fluid density 

(kg/m3),	 (kg/m,s)is the fluid viscosity and g(m/s2) is gravity. 

At a water temperature of 20oC the hydraulic conductivity is 

related to the permeability by the relation K k 10+7 (m/s), see 

eq.(2.14). In the literature the term permeability is often 

incorrectly used as a synonym for hydraulic conductivity.  

The hydraulic characterization of the rock mass is a problematic 

research area of current interest. It is common practice to 

assign a representative average hydraulic conductivity to a rock 

mass of a certain size.  

The hydraulic properties of crystalline bedrock in Sweden have 

been investigated in order to assess the suitability of deposit-

ing radioactive waste in the rock. Studies, (SKB, 1992), which 

were performed over an area of 100 km2 in Finnsjön, show that the 

hydraulic conductivity of the crystalline rock mass, excluding 

detected fracture zones, was about 10-8 m/s. The typical 

hydraulic gradient was less than 0.5 %, which gives a typical 

Darcy velocity of less than 0.5·10-10 m/s.  

The frequency of fractures and corresponding hydraulic 

conductivities were also investigated, Table 2.1. It is seen 

that if first and second order fractures are avoided, the 

hydraulic conductivity is usually about 10-8 m/s. The typical 
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spacing between these fractures is 500 m or more, so it should 

be feasible to avoid them. Fifth order fractures do not conduct 

water in undisturbed rock. 

First order fractures have a width of several meters and the 

2:nd order fractures are less than approximately 1 m. These 

fractures can easily be detected by geophysical measurements, 

such as VLF (Very Low Frequencey) or Georadar (Wikström, 1993). 

Since they can be found they can also be avoided or sealed by 

concrete injections. Such injections were performed in the 

Upplands Väsby store, which was constructed in a rock mass with 

first order fractures (Brinck, 1988). 

 
Table 2.1. Fracture zones and fractures in undisturbed granite.        
(After SKB, 1992)  
 
Type of Fracture 

 
Typical Spacing 
(m) 

 
Typical Hydraulic 
Conductivity (m/s) 

1st Order 
2nd Order 
3rd Order 
4th Order 
5th Order 

3000 
500 
50 
5 
0.5 

10-6 
10-7 
10-8 
10-11 
0 

 

In the Swedish-American cooperative program on radioactive waste 

storage in mined caverns in crystalline rock, the hydraulic 

conductivity at the Stripa mine was investigated (Lundström, 

Stille, 1978). A hydraulic conductivity of 0.4 10-10 m/s was 

found. This value was reduced to 0.2 10-10 m/s after heating the 

rock to approximately 36oC, which indicates that the thermal 

expansion of the rock tends to narrow existing fractures when 

the ground temperature is increased. The corresponding change of 

the permeability is even greater, see eq. (2.14), because the 

decreased viscosity of the fluid is not considered. 

Van Meurs (1985) investigated the influence of convective 

groundwater flow on the thermal performance of the heat store 

built in the Groningen project in 1983. This heat store used 720 

vertical U-shaped plastic tubes drilled to a depth of 20 m in 
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sandy soil. The storage volume was 23,000 m3. The storage 

temperature varied between 30 and 60 . Van Meurs used a 

numerical model to simulate the thermal behaviour of the store. 

The soil was treated as a homogeneous porous medium. He 

concluded that the convective heat loss would be the major heat 

loss component; for natural convection if the permeability in 

the soil exceeded 10-12 m2 (hydraulic conductivity 10-5 m/s); for 

regional groundwater flow if the flow velocity was higher than 

5·10-7 m/s. This conclusion is valid for the relatively small 

size of the investigated store at the given temperature level. 

The relative convective loss increases with increasing storage 

temperature (natural convection) and decreases with increasing 

storage volume. 

Van Meurs also stated that, "the results for a hydraulic 

conductivity of 0 m/s hardly differs from the results for 10-6 

m/s", that is the natural convection part of the heat loss was 

approximately zero. 

Lund (1985) performed a similar theoretical case study of 

borehole heat stores in rock. The permeability of the bedrock 

was assumed to be 10-14 m2 (hydraulic conductivity 10-7 m/s), 

which is a reasonable value for crystalline rock. The storage 

region was then assumed to cut through a horizontal layer with a 

permeability of 10-11 m2 (hydraulic conductivity 10-4 m/s), which 

corresponds to a very permeable material like unconsolidated 

sand with a grain size of about 0.002 m. The thickness of this 

pervious layer was varied. The tempe3ature of the heat carrier 

fluctuated from 10 to 30 . 

In one example, the permeable zone extended vertically over more 

than 40% of the 102,000 m3 store. The thermal recovery factor of 

the fourth annual cycle was 0.57 for a hydraulic gradient of 

0.5%. This compares with a recovery factor of 0.68 for the 

impervious situation (or zero hydraulic gradient). The effect of 

natural convection was negligible under the given conditions.  
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In the study of Lund the convective loss from the borehole heat 

store, was a large part of the losses. The hydraulic 

conductivity of the permeable section (10-4 m/s) was however much 

greater than that usually found in granitic rock. The resulting 

groundwater flow of the assumed hydraulic conductivity and the 

assumed hydraulic gradient of 0.5%, require rare hydrological 

conditions. Precipitation over several km2 must have infiltrated 

into the ground and converged into a 20-50 m wide underground 

stream. In consideration of these extremely unfavourable 

conditions, the reduction of the recovery factor is rather 

small. The results indicate that convective heat transport is 

relatively insignificant in heat stores built in normal 

crystalline rock. 

Experience from the Swedish borehole heat stores shows that the 

thermal behaviour of the stores is influenced little by 

groundwater flow. The measured hydraulic conductivities of the 

heat storage projects in Luleå (Nordell, 1988), Södertuna 

(Andersson et.al, 1983a) and Sigtuna (Platell, 1981) are shown 

in Table 2.2. In the Södertuna store, which was never built, the 

convective heat loss was calculated to be 1% of the storage 

capacity.  

Crystalline rock has a fairly low hydraulic conductivity 

compared to other types of rock, for example oil sands such as 

Hasmark Dolomite (7.1·10-6 m/s), Marianna Limestone (0.5·10-6 m/s) 

and Berea Sandstone (2.2·10-3 m/s), have a much higher hydraulic 

conductivity (Jaeger and Cook, 1979). 
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Table 2.2. Measured Hydraulic Conductivities 

Storage Location Hydr. Conductivity 
(m/s) 

Luleå 7·10-8

Sigtuna 1·10-7

Södertuna 2·10-7

2.2.1. Discussion 
When calculating the thermal behaviour of borehole heat stores, 

the conclusions from cited studies and reported experience from 

heat storage plants are: 

 

1/Cited studies 

Natural convection must be considered if K > 10-5 m/s 

Regional groundwater flow must be considered if K.I>5·10-7 m/s 

2/Experiences from radioactive waste research 

Crystalline rock in Sweden was investigated: 

 the typical hydraulic gradient was < 0.5 %. 

 the hydraulic conductivity of the crystalline rock mass, 

excluding detected fracture zones, was ~10-8 m/s.  

 the rock fractures are detectable 

 the frequency of fractures and corresponding hydraulic 

conductivities were investigated. By avoiding the largest  

fractures (width >~1 m) the hydraulic conductivity was ~10-8 

m/s 

 the typical spacing between these fractures are > 500 m 

 heating of rock reduces the hydraulic conductivity 

3/Experience from Swedish field experiments 

 measured hydraulic conductivities of the heat storage projects 

are < 2.10-7 m/s 

 larger rock fractures can be avoided or sealed 

 

Experience from the Swedish borehole heat stores shows that the 

thermal behaviour of the stores is influenced little by 

groundwater flow. This is partly because larger fractures are 
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avoided but also because the heating reduces the hydraulic 

conductivity. This was demonstrated by the actual conductivities 

of some storage sites, though the locations of these stores were 

decided by the proximity to the heat source and the heat sink. 

Occurring fracture zones can be detected by geophysical 

measurements. The fractures can be avoided, or sealed by 

concrete injection. Consequently, adequate locations in 

crystalline rock can usually be found. The influence of 

convective ground water flow is therefore neglected in this 

study. 

2.3. Thermal Properties of the Ground 
Thermal properties of rock depend on a number of factors 

(Sundberg, 1988) of which the most important are: 

 mineral composition 

 temperature 

 isotropy/anisotropy 

 fluid/gas in micro-fissures 

 

The classification of rock (granite, gneiss, etc.) allows a 

relatively large variation of mineral composition for a given 

type of rock. Consequently, the thermal properties of the same 

type of rock, may vary considerably as seen in Table 1.1. Since 

geological formations are large scale, the type of rock and thus 

its properties, is similar in the limited volume of the store 

although different types of rock may occur.  

The thermal properties of rock are estimated from: 

 geological maps, for a coarse estimate of the rock type 

 rock samples (stuffs) from the surface of the storage area 

 

The thermal properties can also be determined from laboratory 

tests based on: 

 stuffs from the ground surface  
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 drill cuttings 

 rock cores from the storage volume 

 

In pre-studies of proposed heat storage locations, the type of 

the rock is determined from geological maps or from rock or 

mineral samples. The typical values of the thermal properties 

are then used. The majority (2/3) of crystalline rock in Sweden 

is granite and gneiss, for which the mean thermal conductivities 

and corresponding standard deviations are 3.47±0.38 W/m,K and 

3.47±0.47 W/m,K respectively. The thermal conductivity of 

granite varies from 2.85 to 4.15 W/m,K and for gneiss between 

2.7 and 4.4 W/m,K (Sundberg, 1988). 

Laboratory tests of representative rock samples give more 

accurate values. These samples could be mineral stuffs, drill 

cuttings or cores taken from core drilling through the storage 

volume. The most accurate values of the thermal properties are 

obtained from laboratory tests on rock cores. The accuracy is 

about ±2.5% of the determined value i.e. approximately ±0.1 

W/m,K for normal granites (Lindfors, 1993). Only a few cores are 

usually drilled because of the high cost of core drilling.  

The weighted mean thermal conductivity and thermal capacity 

values of the core samples can usually be assumed to be 

representative for the rock in the storage region, when 

considering the overall performance of the store.  

2.4. Ground Surface Temperature 
The temperature at the ground surface is a result of a complex 

balance between convective heat exchange with the air, radiative 

heat exchange, and conductive heat flow from the ground. The 

situation is further complicated by rain and snow falling on the 

ground surface, and evaporation and freezing in the topsoil 

layer. 

The most important influence on the ground temperature comes 
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from the air temperature. The convective heat transfer between 

the air and the ground surface is usually described by a heat 

transfer coefficient, which depends on the physical appearance 

of the surface (gravel, type of vegetation, etc.), wind speed, 

and air temperature.  

In cold climates, a snow cover will have a thermally insulating 

effect during the winter. As a result the annual average ground 

temperature will be warmer than the annual average air 

temperature. For example, the annual average air temperature in 

Luleå is 2.2  and the corresponding ground surface temperature 

(ground water temperature) is 3.5 . In regions with little snow, 

the thermal insulation of the ground is poor during the winter, 

so the difference between annual average air and ground 

temperature tends to be smaller. 

The radiative heat exchange depends on the radiative properties 

of the ground surface and radiative conditions (cloud cover, 

etc.). Other important factors are the type of vegetation and 

presence of shading trees or buildings. As an annual average, 

the radiative heat balance is such that the ground emits more 

radiation than it absorbs at northern latitudes. 

The ground surface temperature will vary according to climatic 

conditions. These variations will induce temperature changes 

that penetrate down into the ground. It is shown in Section 

2.4.1, that the magnitude of the changes are damped with depth, 

so that ground temperatures below a certain depth are 

practically constant during the year. The short-time temperature 

variations at the ground surface, penetrates only to a shallow 

ground depth. Deviations from the annual average temperature are 

negligible below a depth of 15 m in rock, which means that only 

the temperature in uppermost section of a typical heat store 

will fluctuate significantly. 
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2.4.1. Influence of Temperature Variation 
Any temporal variation of the ground surface temperature can be 

expressed mathematically as the sum of the periodic components. 

The response of the ground temperature to a periodic variation 

at the ground surface is therefore of fundamental importance.  

Assuming homogeneous ground conditions, let the ground surface 

temperature, Ts, as a function of time, t, be given by a constant 

average value Ts0 and a superimposed sinusoidal variation: 

, ∙ 	 ∙
     (2.15) 

where Tsa is the amplitude of the temperature variation at the 

ground surface, and to is the length of the period. The ground 

temperature as a function of depth (Carslaw and Jaeger, 1959) 

is:  

, ∙ ∙ 	 ∙ ∙      (2.16) 

where do, the thermal penetration depth, is 

       (2.17) 

and a=λ/C (m2/s) is the thermal diffusivity.  

It is seen from eq.(2.16) that the temperature amplitude in the 

ground is damped with depth by the exponential factor e-z/do. The 

penetration depth, do, is the length scale of the damping. At the 

penetration depth, z=do, the amplitude of the temperature 

variation is 0.37 (=e-1) of the amplitude at the ground surface. 

The penetration depth varies with the period length t0 of the 

sinusoidal temperature variation and the thermal properties of 

the medium which is penetrated. For example, a period of one 

year and a thermal diffusivity of 0.4.10-6 m2/s (soil) result in a 

penetration depth of do=2.0 m, see Table 2.3. 

 The influence of short-time temperature fluctuations, like 

those caused by the diurnal cycle of solar radiation, is limited 

to a shallow depth in the bedrock, since the penetration depth 

is very 

small. The penetration depth of solar radiation with a period of 
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1 day is 0.1 m in soil, according to eq.(2.17), i.e. 37% of the 

temperature amplitude remains at this depth below the ground 

surface, see Figure 2.2 and Table 2.3. 

The annual temperature fluctuation at the ground surface is 

reduced to less than 2% at four penetration depths, or 

approximately 8 m of soil. Temperature fluctuations, with a 

period of 1 month, cause a corresponding ground temperature 

disturbance at approximately 2.3 m below the ground surface. 

Diurnal fluctuations reach 0.4 m into the ground. In rocks, the 

temperature disturbance reaches twice these depths. Figure 2.2 

shows the damping factor as a function of depth. To calculate 

the thermal performance of a heat store, it is sufficient to use 

an estimate of the annual average temperature at the ground 

surface. The annual average air temperature may serve as a first 

estimate. A better estimate can be obtained if the temperature 

of the ground water is known, 

which gives the resulting 

mean temperature of all 

processes involved. 

The inverse problem of 

calculating the effect of the 

heat store on the ground 

surface temperature is much 

more difficult, since the 

heat transfer problem in the 

vicinity of the ground 

surface is more complex. 

 

TABLE 2.3. Penetration depth, do, of temperature fluctuations, 
for different period times, at the ground surface. 
Ground a 1 hour 1 day 1 week 1 month 1 year 
(type) (m2/s) (m) (m) (m) (m) (m) 
rock 1.6 10-6 0.043 0.21 0.55 1.16 4.0 
Soil 0.4 10-6 0.021 0.10 0.28 0.58 2.0 

Figure 2.2. Temperature ampli-
tude damping factor as a func-
tion of the number of penetra-
tion depths.
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2.5. Undisturbed Ground Temperature 
The undisturbed ground temperature is mainly a result of two 

heat transport mechanisms: 

 Geothermal Heat Flow 

 Surface Heat Flow 

 

The horizontal ground water flow does not influence the bedrock 

temperature, because the ground water temperature is equal to 

that of the bedrock. Precipitation and evaporation on the ground 

surface have some influence on the temperature, but this only 

affects the ground temperature above the ground water surface. 

2.5.1. Geothermal Heat Flow 
The average geothermal gradient is 0.03 K/m, but the resulting 

heat flux varies from place to place over the earth's surface. 

Since both the heat flux and the thermal conductivity of ground 

differ with different strata, geothermal gradients of up to 0.06 

K/m can be encountered (Grant et.al, 1982).  

In Sweden the geothermal gradient is generally about 0.01 K/m, 

but there are locations with gradients of 0.02-0.03 K/m. These 

locations are found in Skåne and in the mountainous areas with 

geologically young rocks. 

 

The geothermal heat flow, qgeo (W/m2), is governed by the heat 

equation in eq.(2.9). Since the geothermal heat flow is a 

vertical process the horizontal heat flow can be neglected. 

Hence, the heat flow equation becomes: 

q ‐λ       (2.18) 

where (dT/dz)geo is the geothermal gradient, that is the tempera-

ture change as a function of depth below the ground surface. By 

inserting the thermal conductivity of the bedrock, λ=3.3 W/m,K, 

and geothermal gradients from 0.01 to 0.03 W/m, it is seen that 

the corresponding geothermal heat flows are 0.03 to 0.10 W/m2. 
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The cyclic heating and cooling of an uninsulated seasonal ground 

heat store, results in a temperature increase in the ground that 

surrounds the storage volume. The small temperature difference 

over the storage region, as a result of the geothermal gradient, 

about 1 K per 100 m, does not affect the thermal behaviour of 

high temperature stores. The effect of the geothermal gradient 

on heat extraction applications has been studied by Eskilson 

(1987). He concluded, that the geothermal gradient should be 

considered, by using the average temperature, in low temperature 

applications.  

 

Figure 2.3. Section through the ground. Temperature,T, and 
geothermal heat flow, qgeo, in undisturbed homogenous rock. 

2.6. Heat Transport in the Storage Region 
The heat transport in the store and the surrounding rock is 

basically composed of three thermal processes with different 

characteristic behaviour, These are: 

 the thermal process in each borehole between the heat carrier 

and the borehole wall. 

 a local process involving the borehole and the rock 

surrounding the borehole. 

 a global process in the storage volume and surrounding ground. 

 

To T Ground Surface 
Groundwater 
Bedrock 
 

T=To   
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The basic problems regarding the analysis of seasonal heat 

storage in bedrock are the heat transfer from the heat carrying 

fluid to the store and the heat losses from the store.  

It is convenient to start the analysis from the point of heat 

injection as hot water into the boreholes. The heat exchange 

with the rock is provided by an arrangement of flow channels 

along the borehole. The heat transfer from the circulating water 

to the borehole wall takes place via the materials in the 

borehole, and it involves both convective and conductive 

processes.  

The heat is then conducted into the rock, where it interacts 

with the surrounding boreholes. The injected heat raises the 

average temperature in the store. The heated store is exposed to 

colder surrounding rock at its boundary, which results in a heat 

loss from the store. 

The thermal process between the heat carrier and the borehole 

wall is represented by a borehole thermal resistance. It 

includes the convective heat transfer between the heat carrier 

and the walls of the flow channel, as well as heat transfer 

through the material between the flow channel and the borehole 

wall. The heat capacity of the materials in the borehole are 

relatively small, so capacitive effects in the borehole can be 

neglected except for short-term variations. So, the borehole 

thermal resistance is analyzed under steady-state conditions.  

The local process concerns the heat transfer from the borehole 

to the store. It includes the thermal interaction between 

adjacent boreholes. The local process determines the heat 

transfer rate to the store for a given temperature difference 

between the heat carrier and the average storage temperature, or 

conversely, what fluid temperature is required for a given heat 

transfer rate and storage temperature. The analysis of the local 

processes involves the concept of a steady-flux regime, which 

will be further explained in section 2.8. The steady-flux 
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analysis enables the definition of a volumetric heat transfer 

capacity, by which the heat transfer characteristics of the 

ground heat exchanger is fully determined, except for short-term 

variations in heat transfer rates (Hellström, 1991). The heat 

transfer capacity depends on the borehole thermal resistance, 

borehole drilling pattern, and thermal properties.  

There is also a global process that concerns the heat transfer 

on a large-scale in the storage region. The primary objective of 

the global analysis is to determine the heat losses from the 

storage region to the surroundings during a storage cycle. The 

small-scale details of the rock temperature in the store, with 

its many boreholes, are not important in the global process.  

The heat losses depend on the variation of the average storage 

temperature in the vicinity of the storage boundaries. The 

seasonal variation of the storage temperature, around its annual 

average value, induces a periodic heat flow component through 

the storage boundary. The net contribution due to this periodic 

component is zero. So, the annual heat losses can be determined 

based on the annual average storage temperature.  

2.7. Borehole Thermal Resistance  
The thermal resistance between the heat carrier in the borehole 

pipe system and the borehole wall determines the heat transfer 

rate at a given temperature difference. This borehole thermal 

resistance depends mainly on the arrangement of the flow 

channels in the boreholes, the materials involved in the heat 

transfer process and the fluid flow rate. Its magnitude may be 

comparable to the thermal resistance from the borehole wall to 

the average temperature of the storage volume. It is important 

to keep the borehole resistance small in order to achieve a high 

heat transfer capacity between the fluid and storage volume. 
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Principally there are two types of borehole installations, open 

and closed, depending on whether the heat carrier is in direct 

contact with the borehole 

wall or not as previously 

described in Section 1.3.4. 

Figure 2.4 shows an open 

borehole installation. The 

heat carrier flows through a 

concentrically positioned 

pipe to the bottom of the 

borehole (the flow may be 

reversed) from where it 

returns upwards in the 

annular region outside the 

pipe. In this situation, the 

borehole thermal resistance 

is mainly given by the 

thermal resistance between 

the fluid flow in the annular region and the borehole wall. This 

resistance may be decomposed into three parts: the convective 

heat transfer resistance between the fluid and the inner wall of 

the liner, the conductive resistance of the liner, and a contact 

resistance between the liner and the borehole wall. In some 

rocks it is possible to use this type of borehole installation 

without a liner. The bore-hole thermal resistance is then given 

only by the convective heat transfer resistance at the borehole 

wall, which can be kept very low at turbulent flow conditions.  

 
Figure 2.4. Open circulation 
system (if liner is not used). 
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During heating of the store, the fluid will lose heat while 

flowing through the borehole. The outlet fluid temperature will 

be lower than at the inlet of the borehole. So, there will be a 

temperature difference between the fluid in the downward channel 

inside the pipe and the upward channel in the annular region 

between the pipe and the borehole wall. This results in heat 

transfer from the inner to the outer channel that will reduce 

the maximum heat transfer capacity of the borehole. This thermal 

"short-circuiting" depends on the temperature difference and the 

thermal resistance between the two flow channels. The inner 

thermal resistance for the open circulation system of Figure 2.4 

consists of three parts: the convective heat transfer resistance 

at the inner wall of the pipe, the thermal resistance of the 

pipe, and the convective heat transfer resistance at the inner 

wall of the annular region. It is desirable to keep this inner 

thermal resistance as high as possible. The effect of the inner 

heat transfer is of vital importance at low flow rates. 

Figure 2.5 shows the most common type of pipe installation; a 

closed single U-pipe system. 

Here, the borehole thermal 

resistance is mainly 

determined by the convective 

heat transfer resistance in 

the pipe, the thermal 

resistances of the pipe wall 

and the filling material in 

the borehole. The filling 

material is usually water, for 

which the heat transfer is 

enhanced by natural 

convection. If the borehole is 

filled with a low-permeable 

material, there may also be 

 

 
Figure 2.5. Single U-pipe 
borehole installation. 
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contact resistances between the filling material and the walls 

of the borehole and the pipes. 

The problem of "short-circuiting" heat transfer may occur also 

for this type of installation. The heat transfer capacity can be 

enhanced by installing double and triple U-pipes in the 

borehole, see Figure 2.6. 

2.7.1. Thermal Resistances 
The basic relationship between the injection/extraction rate per 

meter of borehole, q (W/m), and the difference between the 

average fluid temperature, Tf, and the average temperature of the 

borehole wall, Tb, is illustrated in Figure 2.7. The expression 

becomes: 

T T 	 ∙       (2.19) 

where Rb (mK/W) denotes the thermal resistance between the heat 

carrier and the borehole wall. The average fluid temperature is 

the mean value of the inlet and the outlet temperature. 

The borehole thermal resistance depends on the type of borehole 

installation. For a borehole with a concentric inner plastic 

pipe the borehole thermal resistance is composed of the 

following thermal resistances: 

 

 

Figure 2.6. Double and triple U-pipe borehole installations. The 
U-pipes are preferably symmetrically positioned close to the 
borehole wall. 
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Figure 2.7. Borehole thermal resistances. 
 

 

 Rfc1 = Convective heat transfer resistance between the bulk 

        fluid and the wall of the concentric inner pipe 

 Rp1  = Thermal resistance of the pipe wall 

 Rfai = Convective heat transfer resistance between the  

        outer wall of the concentric inner pipe and the bulk 

        fluid in the annular channel 

 Rfao = Convective heat transfer resistance between the bulk  

        fluid  of the annular channel and the borehole liner 

        or borehole wall 

 Rp2  = Thermal resistance of the liner material 

 Rc2  = Contact resistance between the liner and the borehole   

        wall 

 

Pipe wall 
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The total thermal resistance between the bulk fluid in the 

circular pipe and the bulk fluid in the annular flow channel is 

given by a sum of the three first components: Rfc1+Rp1+Rfai. The 

sum of the last three components, Rfao+Rp2+Rc2, gives the total 

thermal resistance between the bulk fluid in the annular region 

and the borehole wall. The effective borehole thermal 

resistance, which is defined by eq. (2.19), includes the effect 

of thermal "short-circuiting" and will therefore depend on both 

these thermal resistances. 

In the case of a borehole with a U-pipe we have instead:  

Rfc1 = Convective heat transfer resistance between the bulk 

       fluid in the pipe and the pipe wall 

Rp1  = Thermal resistance of the pipe wall 

Rc1  = Contact resistance between the outer wall of the pipe and  

       the filling material in the borehole or the   

       heat carrier outside the pipe 

Rp3  = Heat transfer resistance of the filling material 

 

The total thermal resistance between the bulk fluid and the 

filling material is given by the sum Rfc+Rp1+Rc1. The heat 

transfer resistance of the filling material is more difficult to 

calculate. 

2.7.2. Convective Heat Transfer Resistance 
The heat transfer between the heat carrier and the walls of the 

flow channel is determined by the convective heat transfer 

resistance and the temperature difference between the bulk fluid 

and the wall. The convective heat transfer resistance is usually 

estimated with use of the dimensionless Nusselt's number Nu. 

Semi-empirical relations for the Nu number for flow in circular 

and annular pipes can be found in standard textbooks or 

handbooks on heat transfer, e.g. VDI-Wärmeatlas (1988), Handbook 
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of Heat Transfer Fundamentals (Rohsenow et.al, 1985), and 

Principles of Heat Transfer (Kreith and Bohn, 1986). A short 

review will be given here to point out the most important 

implications for the borehole thermal resistance. 

With regard to the heat transfer between the fluid and the 

storage volume, the convective heat transfer resistances are 

usually small at turbulent flow conditions and large at laminar 

flow conditions. Care should be taken to avoid laminar flow 

under normal operating conditions; the most critical periods are 

those with low flow rates and low fluid temperatures. It should 

be noted that the addition of glycol in water may cause a 

considerable increase of fluid viscosity, so that the minimum 

flow rate to avoid laminar flow becomes higher than that for 

pure water. 

2.7.2.1. Circular Pipe 
The convective resistance, Rfc, between the bulk fluid and the 

surrounding circular wall of the flow channel is given by 

R
∙
       (2.20) 

where λf is the thermal conductivity (W/m,K) of the fluid. The Nu 

number depends on the flow condition, which is characterized by 

the Reynolds´ number, Re: 

Re ∙
       (2.21) 

Here, U is the mean velocity of the fluid, d is the diameter of 

the pipe and v is the kinematic viscosity (m2/s) of the fluid. 

For a Re number below approximately 2300 the flow is laminar. 

The value of the Nu number is then approximately 4-5 depending 

on the boundary conditions at the pipe wall. There is a 

transition zone between laminar to turbulent flow conditions for 

Re numbers from 2300 to 10,000. For Re larger than 10,000, the 

flow is unconditionally turbulent. There are numerous semi-

empirical formulas for the Nu number in the turbulent flow 

regime. One of these is the Dittus-Boelter formula, which for a 
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cooling fluid is: 

Nu 0.023∙ . ∙ .       (2.22) 

where Pr is the Prandtl's number defined by: 

Pr ∙
       (2.23) 

Here, μf is the viscosity (kg/m,s), cf the heat capacity (J/kg,K) 

and λf is the thermal conductivity (W/m,K) of the fluid. 

 

The fluid properties, and especially the viscosity, depend on 

the temperature. The viscosity increases with decreasing fluid 

temperature. For water, the viscosity at 30  is twice as high as 

the value at 70 . Both the Re number and the Pr number are 

functions of the viscosity and the Nu number, which is a 

function of both Re and Pr, is proportional to υ-0.5. So the Nu 

number for turbulent flow, eq. (2.22), will decrease with 

decreasing temperature. In the case of laminar flow, the Nu 

number does not depend on the fluid properties but remains at a 

low constant value. A decrease of the fluid temperature may, at 

constant flow rate, cause a transition from turbulent to laminar 

flow, which will result in a large reduction of the Nu number.  

2.7.2.2. Annular Pipe 
The convective heat transfer in an annular pipe is much more 

complicated than in the circular pipe. The Nu numbers, both for 

turbulent and laminar flow, at the inner and outer surface will 

depend also on the ratio of the heat fluxes as well as the ratio 

of the radii of these cylindrical surfaces. The Re number is now 

calculated using the hydraulic diameter, which is the difference 

in diameter between the outer and the inner cylindrical surface, 

as the characteristic length d in eq. (2.21). The qualitative 

behaviour is similar to that of the circular pipe. 

An eccentric position of the inner pipe will give a lower Nu 

number at the outer surface than a concentric position. In-

creasing eccentricity reduces the heat transfer. If the inner 
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pipe lies close to the outer pipe, the reduction may be 

considerable, especially at laminar flow (Shah and London, 1978; 

Hellström, 1991, 1991b). 

2.7.3. Thermal Resistance of Circular Wall 
The thermal resistance of a circular pipe wall, Rp, for 

steady- state heat conduction through an annular region (Carslaw 

and Jaeger, 1959) is:  

∙
∙       (2.24) 

Here λp is the thermal conductivity of the pipe material. The 

inner and outer radius of the pipe are ri and ro, respectively. 

2.7.4. Contact Thermal Resistance 
The thermal resistance at the interface between two different 

materials is often given as a constant contact resistance, Rc. 

This resistance occurs since the materials are not in perfect 

thermal contact with each other. This value is calculated by 

eq.(2.25). If the gap width, δr, is small compared to the 

borehole radius, rl+δr, the approximate right side of the expres-

sion may be used. 

∙
∙

∙
∙      (2.25) 

Here, λg is the thermal conductivity of the gap material (usually 

water) between the borehole wall and the liner, which has an 

outer radius rl. 

2.7.5. Heat Transfer in the Filling Material 
In the case of a pipe installation with U-shaped plastic tubes, 

the space between the pipes and the borehole wall is occupied by 

groundwater or a filling material. A filling material is 

required if the borehole is located above the groundwater table 

due to the poor heat transfer properties of air. 

In a water-filled borehole, natural convection becomes 

increasingly more important as the temperature difference  
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between the heat carrying fluid in the pipes and the borehole 

wall, or conversely the heat transfer rate, increases. A 

laboratory experiment performed at Lund University for a single 

U pipe installation gave a Nu number of about 5 at a fluid 

temperature of 35-40oC and a heat injection rate of 35 W/m, i.e. 

the heat transfer through the borehole water was five times 

higher than pure heat conduction. 

At fluid temperatures around 4oC, at the density maximum of 

water, the effect of natural convection was small, which 

corresponds with the experiences from heat extraction boreholes. 

The effect of the natural convection in the 

borehole is very difficult to access, since 

no general studies have been reported for 

this specific configuration.  

If the borehole is filled with sand or a 

less permeable material, natural convection 

has a negligible effect on the heat 

transfer. The conductive process with any 

number of circular pipes in the borehole 

has been studied by Bennet et.al(1987). 

A special study on U pipes in the borehole is given by Hellström 

(1991). A first approximation based on superposition of line 

sources gives the following thermal resistance for a single U 

pipe in a borehole: 

∙
∙ ∙     (2.26) 

for rp << rb ; Bu > 3rp : r§ < (1-b)~rb   

where Bu is the shank spacing as shown in Figure 2.8, rp is the 

pipe radius, λb is the thermal conductivity of the filling 

material, and Rp is the thermal resistance of the pipe. σ is the 

relation, (λb-λ)/(λb+λ), between the thermal conductivities of 

the borehole filling and the surrounding ground. 

Figur 2.8. U-pipe 
in a borehole. 
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2.7.6. Dependence on Fluid Flow Rate 
An effective borehole thermal resistance, which includes the 

effects of varying fluid temperature along the borehole and 

thermal "short-circuiting" between the flow channels, can be 

derived for the case of uniform temperature and uniform heat 

flux along the borehole. In the case of uniform heat flux, the 

effective borehole ther-mal resistance Rb* becomes: 

∗       (2.27) 

where Ra denotes the thermal resistance for heat flow between the 

upward and the downward channels, and Rb is the borehole thermal 

resistance when the heat exchange between these channels can be 

neglected. For a pipe installation with concentric inner pipe, 

this thermal resistance equals Rfc1+Rp1+Rfai. For U-pipe 

installations the resistance is more complex (Hellström 1991). 

The effective borehole thermal resistance for uniform 

temperature is practically the same as for uniform heat flux, 

eq. (2.27). The dependence on the borehole length H and the 

fluid flow rate Vf should be noticed. In conventional borehole 

installations, the flow-dependent term in eq. (2.27) becomes 

significant when the flow is laminar. Thus, in addition to large 

convective heat transfer resistances in the flow channels during 

laminar flow, there is also the thermal short-circuiting that 

further increases the effective borehole thermal resistance. 

Typical values of the borehole thermal resistance are given in 

Table 2.4, for different types of borehole installations. 
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Table 2.4 Typical Values of the Borehole Thermal Resistance 
Type of Borehole Installation                      (K/(W/m)) 
Open system, no liner                                   0.01  
Single U-pipe (copper),  water-filled, Nu=5             0.03 
Single U-pipe (plastic), water-filled, Nu=5             0.06 
Single U-pipe (copper),  water-filled, Nu=1             0.06 
Single U-pipe (plastic), water-filled, Nu=5             0.06 
Double U-pipe (plastic), water-filled, conduction only  0.08 
Single U-pipe (plastic), water-filled, Nu=1             0.10 
Single U-pipe (plastic), bentonite-filled               0.11 
Single U-pipe (plastic), water-filled, conduction only  0.12 

2.8. Heat Transfer Capacity 
The storage volume is perforated by a number of boreholes 

through which the heat carrying fluid is circulated. The bore-

holes with their flow channels constitute a ground heat exchang-

er. It is important that the ground heat exchanger can permit 

maximum heat transfer rates between the heat carrier and the 

store without excessive temperature differences. The heat trans-

fer capacity of the ground heat exchanger is therefore of great 

importance for the thermal behaviour of the store. Theoretical 

studies have shown that the heat transfer capacities of the 

ground heat exchanger can be represented by a single parameter 

for heat injection/extraction pulses with a duration of one week 

or more (Hellström 1991). 

The heat transfer capacity can be calculated if the thermal 

resistance between the heat carrier and the store is known. The 

thermal resistance between the heat carrier and the borehole 

wall was previously discussed in Section 2.7. The remaining 

part, the thermal resistance of the ground, is due to a 

complicated thermal process that requires further comments. 

The analysis of the local thermal process around the boreholes 

in the storage region is conceptually facilitated by studying a 

single borehole with a certain volume of the surrounding rock. 

For a square drilling pattern with a borehole spacing of Sb this 

volume has a parallel-epipedical shape. This volume has a cross-

sectional area Ab equal to Sb2 transverse to the borehole and the 
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borehole length Lb in the vertical direction. If there are Nb 

boreholes in the store, the storage volume V is Nb.Lb.Ab. For an 

equally spaced hexagonal drilling pattern, the cross-sectional 

area √ . 

The thermal resistance of the ground, which is derived from the 

analysis of the local thermal process, turns out to be 

practically identical for cross-sectional areas of square, 

hexagonal and circular shape, provided that the cross-sectional 

areas are the same size (Hellström, 1991). For a cylindrical 

region with the radius r1, the cross-sectional area Ab is equal 

to πr12. 

The average temperature of the area Ab around a borehole is 

called the local average temperature TAm. The heat transfer capa-

city of the ground heat exchanger relates the heat injection 

rate q to the temperature difference Tf-TAm between the heat 

carrier and the local average temperature. 

The heat injection rate q(t) may vary considerably with time. To 

analyse the thermal response in the ground, the time-dependence 

of the heat injection rate is decomposed into simpler 

components.  

A common approach is to approximate the heat injection rate by 

step-wise constant values. Any such q(t) may, by superposition 

techniques, be considered as a series of simple heat injection 

steps. A heat injection step is zero until a certain time, when 

it instantaneously increases to a certain value that remains 

constant afterwards. An example of the temperature response of 

the borehole wall for step change in heat injection rate is 

given by Hellström (1991), see Figure 2.9. 
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The example concerns boreholes in granite, which has a thermal 

conductivity of 3.5 W/mK and a volumetric heat capacity of 2.2 

MJ/m3K. The borehole diameter is 0.115 m. The borehole spacing is 

4 m in a hexagonal drilling pattern, so the radius of the 

equivalent cylindrical region becomes 2.1 m. The heat injection 

rate q is 100 W/m.  

 

The borehole wall temperature Tb is given by line 2. The thermal 

influence from the surrounding boreholes is negligible during an 

initial period, tsf. The growth of the borehole temperature is 

the same as that for a single borehole in the ground (line 3). 

During the first day it may also be necessary to account for the 

storage capacity of the heat carrying fluid and the filling 

materials in the holes.  

The thermal influence from the surrounding boreholes is felt 

after about one week, see Figure 2.9. This influence time tsf is 

given by the relation atsf/r12=0.2, where a is the thermal 

diffusivity of the rock (a=λ/C). The character of the 

temperature response then changes. The borehole wall temperature 

Tb increases linearly with time. The local average temperature 

TAm (line 4) has the same linear increase with time, so the 

´
 
 
 
 
 
Figure 2.9. The temperature 
response at the borehole wall 
due to a step change in heat 
injection rate for an insulated 
cylindrical region (2) and a 
semi-infinite region (3). The 
steady-flux solution is given by 
(1) and the local average 
temperature by (4). Data 
according to text. 
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temperature difference, Tb-TAm, becomes constant. 

The local thermal process is now, after the time tsf, in the so-

called steady-flux regime, which is characterized by a linear 

temperature increase with the same amount everywhere in the 

cylindrical region. 

The relation between the temperature difference Tb-TAm and the 

heat injection rate q (W/m) is: 

∙       (2.28) 

where Rg is the thermal resistance between the borehole wall and 

the average temperature level of the surrounding ground. For 

heat injection pulses in 

the steady-flux regime, 

the thermal resistance Rg 

for a cylindrical region 

(Carslaw and Jaeger, 

1959) becomes: 

	  (2.29) 

This thermal resistance 

is as previously 

mentioned valid also for 

the square and hexagonal 

drilling pattern provided 

that the cross-sectional 

areas Ab are of the same 

size. 

Figure 2.10 shows the 

thermal resistance in the 

ground Rg as a function 

of the borehole spacing Sb, in a square drilling pattern, for a 

few values of the thermal conductivity of the rock. It is seen 

from Figure 2.10 that the thermal conductivity and the borehole 

spacing influence the thermal resistance considerably.  

For a heat store with a borehole spacing of 3.5 to 4.5 m, in 

 
 
Figure 2.10. The thermal resistance 
of the ground as a function of bore- 
hole spacing for different thermal 
conductivities of the ground. The 
borehole diameter (2rb) is 0.115 m. 
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rock with a thermal conductivity of about 3.5±0.5 W/m,K, the 

thermal resistance varies from 0.14 to 0.19 mk/W. 

The total thermal resistance between the heat carrier and the 

average level of the surrounding ground is given by the sum of 

the boreholes thermal resistance Rb and the thermal resistance 

of the ground Rg, see eq. (2.30) 

      (2.30) 

The subscript "sf" stresses that this formula is valid for heat 

injection/extraction pulses in the steady-flux regime. For the 

seasonal storage systems, the thermal behaviour may be analyzed 

with use of the thermal resistance Rsf, because the time to 

attain steady-flux conditions is much shorter than the period of 

the storage cycle, see Figure 2.9. Consequently, it may not be 

used for diurnal or weekly storage cycles, where the transient 

behaviour of the thermal response is different.  

When the total thermal resistance Rsf is known, it is possible to 

calculate the heat transfer capacity per unit storage volume. 

The volumetric heat transfer capacity, αv, is given by: 

∙
 [W/m3,K]      (2.31) 

It can be used as a qualitative measure of the capacity of the 

ground heat exchanger. 

The total heat transfer capacity, αT, is obtained by multiplying 

the volumetric heat transfer capacity by the total storage 

volume V (=NbLbAb): 

∙
∙

∙      (2.32) 

The relation between the total heat injection rate Q (W) and the 

temperature difference Tf-TAm becomes: 

      (2.33) 

The heat transfer capacity of the store for steady-flux heat 

injection/extraction pulses is now given by a single parameter. 
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2.9. Storage Heat Losses 
At the beginning of the first storage cycle, the storage region 

and the surrounding ground are at the natural undisturbed ground 

temperature. The injection of heat raises the temperature in the 

storage region, which leads to increasing temperature gradients 

at the boundaries of the store and, by Fourier's law in 

eq.(2.2), a flow of heat to the colder surroundings. The average 

storage temperature increases as long as the heat injection 

exceeds the heat flow through the storage boundaries. 

The injection period may be followed by a rest period during 

which the storage temperature decreases due to the heat losses. 

During the extraction period, the heat flow through the 

boundaries decreases and may also be reversed, i.e heat flows 

back into the storage when the storage temperatures are 

sufficiently low. When the first storage cycle has been 

completed, some of the injected heat remains in the ground or 

has been lost to the atmosphere. The residual heat implies that 

the ground temperatures are higher than the initial undisturbed 

value. If the operating conditions in the store are similar 

 
 
Figure 2.11. Radial section of cylindrical heat store.  
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during the second cycle, the residual heat from the first cycle 

causes the temperature gradients at the boundaries to be 

smaller. Thus, the storage heat losses will be lower. The 

residual heat accumulates during subsequent cycles, so that the 

heat losses per cycle gradually decreases. 

The three-dimensional thermal process in the ground during the 

storage cycle can be simulated numerically. Numerous simulation 

models have been developed for this purpose (Hadorn 1981; 

Hellström 1982; Wijsman and van Meurs 1985; Lund and Östman 

1985; Eskilson and Claesson 1988; Baudoin 1988). These models 

are suitable for detailed simulations of the thermal process. 

They can handle loading conditions with arbitrary time 

dependence, heterogeneities in the ground and irregular drilling 

patterns. 

I will briefly describe a simplified method, in Section 2.9.1 

and Section 2.9.2, that gives a fairly accurate estimate of the 

annual heat losses from the store as well as providing for a 

qualitative understanding of the process (Claesson et.al 1985; 

Hellström 1991). In this simplified analysis of the storage heat 

losses, the temperature variation at the storage boundary is re-

presented by an average value during the cycle and a 

superimposed periodical variation. The periodical variation 

results in a heat flow component that fluctuates to and from the 

store, but with no net heat loss during a full storage cycle. 

The heat loss during a storage cycle is generated by the 

difference between the average boundary temperature and the 

initial ground temperature. The transient heat flow process in 

the ground gives a heat loss that decreases with time and 

gradually approaches steady-state conditions. The steady-state 

heat loss, which can be accurately calculated more easily than 

the transient heat loss, can often be used as a fair estimate of 

the heat loss after the initial cycles with large transient heat 

losses.  
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2.9.1. Transient Heat Loss 
The transient heat loss from the store is obtained by solving 

the time-dependent three-dimensional heat equation, eq.(2.9), in 

the ground surrounding the store. The ground has constant 

thermal properties. The storage region perforated by the 

boreholes is assumed to have the shape of cylinder with the 

radius R and its upper boundary at the ground surface. The upper 

boundary and part of the vertical are thermally insulated as 

shown in Figure 2.11.  

The depth of the vertical insulation, Di, from the ground surface 

is small compared to the vertical extension H of the store. The 

thermal insulation has a thermal conductivity λi and a thickness 

di. The annual mean temperature Tm of the store is prescribed on 

the "imaginary" boundary of the storage volume. The ground 

surface temperature and the 

initial ground temperature 

have a constant value To. 

The heat equation is solved 

numerically by a Finite 

Difference Method (FDM) to 

determine the transient 

heat loss.  

It is of interest to 

compare the heat losses 

with the storage capacity 

i.e the relative heat loss. 

The heat storage capacity 

is roughly given by C·V·ΔTs, 

where ΔTs is the difference 

between the maximum and 

minimum mean storage 

temperatures during a 

cycle. 

 
Figure 2.12. The relative 
transient heat loss for three 
different storage volumes. 
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Figure 2.12 shows the relative heat loss for three stores with 

different volumes, 5,000, 100,000, and 500,000 m3, during the 

initial fifty years of operation. The stores are of identical 

shape, i.e the diameter is equal to the height. The ground 

surface temperature and the initial ground temperature were 

taken to be 4oC. The annual mean temperature of the store was 

55oC with a ΔTs of 40oC. The store was thermally insulated only 

by a top soil layer of 3 m depth. The thermal conductivity of 

the rock was 3.42 W/m,k. 

The transient heat loss is large during the first years, after 

which it asymptotically approaches the steady-state heat loss. 

It is also seen that the relative loss decreases with increasing 

storage volume. The relative heat loss is about 30% after 10 

years for a storage volume of 100,000 m3. 

2.9.2. Steady-State Heat Loss 
A steady-state heat loss, Qs [W], is approached after many years 

of operation of the heat store. See Figure 2.12.  

The steady-state heat loss is of interest when comparing 

different types of stores and is often used in design 

estimations of borehole heat stores. The steady-state heat loss 

is the constant heat flow through the surrounding ground from 

the store to the ground surface. 

Claesson et.al (1985) derived easy-to-use formulas for the 

steady-state heat loss. The total steady-state heat loss Qs, from 

the cylindrical store in Figure 2.11, is divided into two 

components; the heat losses through the thermally insulated 

part, Qins, and the un-insulated part of the store, Qgr, through 

the ground: 

      (2.34) 

The heat loss through the thermal insulation, assuming the heat 

insulation thickness di, is given by: 

∙ )     (2.35) 
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where the area of the horizontal ground insulation is Ah=πR2 and 

the area of the vertical insulation is Av=πRDi. A reasonable 

value of the depth of the vertical insulation, Di, is about 1/10 

of the height of the storage volume, H, (5-10 m). This heat flow 

process through the vertical insulation to the ground surface is 

roughly one-dimensional, but two-dimensional effects occur at 

the edges of the thermal insulation. 

Dimensional analysis of the equations and boundary conditions 

for the given problem shows that the general equation for the 

steady-state heat flow through the ground may be expressed as: 

∙ ∙ 	 ; 	 ∙∙∙     (2.36) 

where h is a dimensionless heat loss factor that depends on the 

shape of the store and the fraction of insulation on the 

vertical side of the store. The heat loss factor is obtained by 

solving the heat equation, eq.(2.9), for steady-state conditions 

in the ground, i.e. T/ t=0, with the given boundary conditions. 

It is assumed that there is no heat flow through the vertical 

insulation. Hellström (1991) gives some calculated heat loss 

factors, which are listed in Table 2.5. 

 
Table 2.5. Heat Loss Factors for a Cylindrical Store where 
Di/H=0.1. After Hellström (1991). 

H/R 0.04  0.08   0.2   0.6   0.8     2     6    10    20 

h(H/R,0.1) 19.7  18.7  18.1  18.2  18.6  21.2  29.2  36.6  52.5 

2.10. Summary 
The analyses presented in this chapter show that, with the aim 

of obtaining dimensioning procedures for heat stores in 

crystalline rock, it is reasonable to make the following 

assumptions about the thermal process in the storage region: 

1. The heat transport in the ground (rock) is a result of heat 

 conduction only.  

2. The thermal properties of the ground can be represented by 

constant values. 
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These assumptions are based on performed studies and experience 

from actual heat storage plants. 

The analysis starts from the point of heat injection, as hot 

water, into the boreholes. This heat is transferred from the 

circulating water to the borehole wall. The heat is then conduc-

ted into the rock, where it interacts with surrounding 

boreholes. The injected heat raises the average temperature in 

the store. The colder surrounding results in a heat loss from 

the store. 

The thermal process between the heat carrying fluid and the 

borehole wall, is represented by a borehole thermal resistance. 

The term includes the convective heat transfer in the boreholes. 

Heat storage effects due to water and other materials in the 

boreholes can be neglected for seasonal storage applications, so 

the resistance is analyzed during steady-state conditions. 

The thermal interaction between adjacent boreholes is included 

in the calculation of heat transfer from the borehole to the 

store. The resulting steady-flux analysis enables the definition 

of volumetric heat transfer capacity, by which the heat transfer 

characteristics of the ground heat exchanger are determined. The 

heat transfer capacity depends on the borehole thermal 

resistance, borehole drilling pattern, and thermal properties. 

The annual heat losses from the storage region to the 

surroundings during a storage cycle can be estimated based on 

the difference between the average storage temperature during a 

cycle and the average ground surface temperature. The heat 

losses are proportional to the thermal conductivity of the 

ground. The relative heat loss decreases with time and with the 

increasing size of the store. 

In the analysis performed in this thesis the store is assumed to 

have a cylindrical shape with a vertical axis and the upper 

boundary at ground surface. A general heat loss equation, 

derived from dimensional analysis, is used to calculate the 
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steady-state heat loss. The transient heat loss is calculated by 

means of a finite difference method. 
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3. FIELD EXPERIMENTS 

3.1. The Pilot Plant 
The pilot plant was constructed in 1980-1981 close to the cam-

pus of Luleå University of Technology. The store consisted of 19 

vertical boreholes each with a diameter of 52 mm. The holes were 

drilled to a depth of 21 m and lined by steel pipes through the 

soil overburden of 6 m. The borehole depth in rock, of medium 

grained gneiss, was consequently 15 m. The borehole spacing was 

1.3 m with a hexagonal drilling pattern, see Figure 3.1. An open 

pipe system was installed in the boreholes. With the exception 

of the centre hole, the holes were connected in groups of three, 

see Figure 3.1. The heat carrier was pumped into one hole in the 

inner "circle". From this hole it was conducted to two holes in 

the outer circle. The heat carrier was then pumped through the 

heat exchanger and back to the first hole. The flow direction 

 
Figure 3.1. Plan and main features of the pilot plant. 
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was reversed during the extraction periods. This led to a 

temperature stratification of the storage volume with the 

maximum temperature in the centre of the store.  

  There were 10 boreholes drilled, inside and outside the 

storage volume, for temperature measurements. Each borehole 

contained 6 temperature gauges evenly spaced along the borehole. 

3.1.1. Time-Scaled Seasonal Operation  
The objectives of the pilot plant were:  

* to construct a well-functioning small-scale borehole heat  

  store. 

* to operate and evaluate the thermal behaviour of the store  

  during 5 cycles.  

* to verify performed calculations of the temperature field in  

  and outside the storage volume. 

 

Site characterizations were included in the research programme. 

These were seismic profiling, core drilling and laboratory tests 

to determine rock thermal properties. The hydrogeological condi-

tions were also considered by performing pump tests in the bore-

holes of the store. 

One aim of the pilot plant tests was to speed up the operation 

of the store by scaling the size of the store. The pilot plant 

was scaled, so that 24 days of operation corresponded to 365 

days of operation in real time. For a heat conduction problem, 

such scaling is based on dimensional analysis (Pai, 1981), of 

the heat equation, eq.(2.9). The dimensional analysis, see 

Appendix 3.1, indicates that the physical length and time scales 

of the model (Lm, tm) and of the real-size store (Lr, tr) are 

related by: 

       (3.1) 
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View of the pilot plant. Photo: R.Lindfors. 
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Connecting pipes at the pilot plant. Photo: L. Norman.  
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This means that if the behaviour of the pilot plant, operating 

on a 24-day cycle, is to model the thermal process in a full-

scale store over a period of 1 year, it is necessary to down-

scale the store in the proportion: 

 
.
      (3.2) 

The borehole spacing (1.3 m) of the pilot plant therefore corre-

sponded to a borehole spacing of 5.1 m in real scale. Conse-

quently the pilot plant storage volume of approximately 400 m3, 

corresponded to a full-scale store of about 24000 m3. The 

operation of the store during 5 operation cycles (years), thus 

corresponded to 120 days of operation in full scale. 

3.1.1.1. Results of Time-Scaled Test 
The store was in operation July to November 1981. A total of 37 

MWh of heat was charged into the store during the five cycles, 

8.0 MWh during the first cycle. The heat injection decreased 

each cycle to 6.2 MWh during the fifth year of operation. The 

decreased heat injection rate was partly a result of the heat 

loss reduction with time. Also, the cooling device did not 

function as well as expected. The storage temperature was 

therefore higher than expected after the heat extractions. The 

total heat extraction was 4.2 MWh. The maximum heat extraction 

was 18% of injected heat. 

The hourly measured rock temperatures varied between 23  to 43  

in the central region of the store during the later cycles. Both 

the 2-D simulations (Andersson, 1983b) and the 3-D simulations 

(Eskilsson, 1983) which were performed, agreed well with 

measured data. One conclusion was that the dominating heat 

transport in borehole heat stores was a result of heat 

conduction. 

The project was completed with a pre-design of a full-scale heat 

store. The pilot-plant was too small to indicate the problems of 

construction work and operation that may be evaluated in a full-
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scale store. One conclusion of the project was that large-scale 

investigation was necessary. The construction of this large-

scale plant started the following year, during 1982.  

This time-scaled pilot test was described in detail by Anders-

son (1983b) and Nordell (1986). 

3.1.2. Fracturing of Pilot Plant 
The pilot plant was used in another experiment in 1983 in co-

operation with the Swedish Detonic Research Foundation. The aim 

of this project was to develop an inexpensive borehole instal-

lation with good heat transfer qualities. The most desired 

system would be a borehole where no pipe installations were 

required, that is a U-shaped borehole, as shown in Figure 1.6b.  

Since it is not yet possible to drill such holes, the aim was to 

construct a similar system by creating a fractured zone at the 

bottom of the boreholes, to obtain hydraulic contact between the 

holes, see Figure 1.6c.  

The main advantages of this system were as follows: 

1. Borehole pipes (pipes in the boreholes) were not required. 

2. Connecting pipes (between the boreholes) were simplified 

because this system required only one pipe to each borehole.  

3. A flexible circulation system was obtained, any hole could be 

used for injection or extraction. 

4. The smaller and simplified circulation system resulted in low 

construction, operation and maintenance costs. 

5. The borehole diameter was reduced (reduced drilling cost)since 

no space was required for borehole pipes. 

 

The fractures were created both hydraulically and by explosives. 

The results of the fracturing were evaluated by test pumping. 

The centre hole of the pilot plant was used as a pumping well 

and the other 18 holes were used as observation wells, see 

Figure 3.1. 
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The project activities were performed in the following order: 

1. Initial hydraulic conductivity test of the rock mass. 

2. Hydraulic fracturing, with single-packer to generate horizon-

tal fractures. 

3. Hydraulic conductivity test of the rock mass. 

4. Hydraulic fracturing, with a straddle-packer to generate 

vertical fractures. 

5. Hydraulic conductivity test of the rock mass. 

6. Explosive fracturing. 

7. Hydraulic conductivity test of the rock mass. 

8. Evaluation of test data. 

 

Table 3.1 indicates that the hydraulic conductivity of the rock 

mass was increased as a result of the fracturing activities. The 

fractures were however not wide enough to transport the required 

flow rate. The water flow rate and the widths of the fractures 

were determined by a simulation model. 

 

Table 3.1. Mean Hydraulic conductivity of Pilot Plant Rock Mass. 
 
Fracturing Method 

Hydraulic 
Conductivity(K)

(10-6 m/s) 

Standard 
Deviation 
(10-6 m/s) 

Before Fracturing 1.03 0.88 
After Single-Packer Hydraulic 
Fracturing 

1.21 0.75 

After Straddle-Packer 
Hydraulic Fracturing 

1.36 0.59 

After Blasting             1.43 0.62 
 

Model Approach 
The simulation model used was based on a common method to 

determine the flow distribution in pipe systems, the Hardy-Cross 

method. The principle is that the flow in different pipes, con-

necting the same two points, is balanced so that the head loss 

is the same over the different pipes. In the fractured rock the 

water flow was assumed to occur in the fractures only. These 

fractures were assumed to exist as vertical planes between the 

holes according to Figure 3.2. The theory for water flow in 
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fracture planes was based on Louis (1967). 

 

 

 
 
 
Figure 3.2. Outline of the pilot plant 
where the 19 holes (dots) are connected by 
the assumed fracture planes. Water flow can 
only occur in the assumed fractures 
 

  

The Reynolds' number, Re, for a stationary laminar flow between 

two smooth parallel planes is: 

	 	 	 	 	 	 	 3.3 	

where vf is the flow velocity, tf is the fracture width and υ is 

the kinematic viscosity of the fluid (m2/s). The flow rate qw is: 

	 	 	 	 	 	 	 3.4 	

Now eqs.(3.5-3.6) give the Reynolds' number as: 

	 	 	 	 	 	 	 3.5 		

The flow velocity is given by: 

∙ ∙ 	 	 	 	 	 	 	 3.6 		

where I is the hydraulic gradient. Eq. (3.3) into eq.(3.6), 

eliminating vf, finally gives: 

∙ 	 	 	 	 	 	 	 3.7 		

The simulation, which is based on the steady-state measurements 

of the water levels in the boreholes, starts with the assumption 

that the water flow to (from) each of the 12 peripheral holes is 

qw=Qw/12, that is 1/12 of the total flow rate Qw. This results in 

a flow from the peripheral holes towards the centre of the 

store. The Re number is calculated by eq.(3.5) without knowing 

the fracture width. By inserting this Re number and the measured 

value of the hydraulic gradient into eq.(3.7) the fracture width 

is calculated. The flow velocity is then given by eq.(3.6). A 
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new flow rate is obtained by eq.(3.3). Continuity is maintained 

in the holes. All fracture planes are calculated before the 

procedure is repeated, with new flow rates from each of the 12 

peripheral holes. After approximately ten iterations a stable 

solution is obtained. 

The simulation indicated that the mean width of resulting 

fractures was 0.3 mm. A brief calculation shows that a fracture 

width of 1 mm is required in large-scale stores. 

The conclusion of this project was that fracturing alone was 

inadequate to enhance the conductivity needed for the water 

circulation between the boreholes. The fracturing tests in the 

pilot plant were described in detail by Nordell et.al (1984, 

1986). 

3.1.3. Leaching of Rock Fractures 
The fractured pilot plant was used for a new field experiment in 

1986 in co-operation with the Department of Geology, University 

of Stockholm. 

The aim of this project was to widen the fracture planes, 

between the boreholes of the pilot plant that were created 

earlier in the fracturing test. A leaching fluid was to be 

pumped through the fracture planes to widen them sufficiently, 

to conduct the required water flow rate between the holes. 

A leaching fluid, NaOH (pH 12) was pumped through the fracture 

planes between the holes. The success of the leaching test was 

evaluated using hydraulic conductivity tests on the pilot plant 

rock mass. These tests were performed by pumping water from the 

centre hole of the store whilst using the other 18 holes as 

observation wells, see Figure 3.1.  

The project activities were performed in the following order.  

1. Laboratory leaching test of rock core samples of the pilot 

plant. 

2. Hydraulic conductivity test pumping of the pilot plant rock 
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mass.  

3. Field test leaching during 2 months. 

4. Hydraulic conductivity test pumping of the pilot plant rock 

mass. 

5. Continued field test leaching during 2 months. 

6. Hydraulic conductivity test pumping of the pilot plant rock 

mass. 

7. Eight water samples of the circulation fluid were taken and 

analysed during the operation of the leaching test. 

8. Evaluation. 

 

The leaching test did not prove successful, because the frac-

tures were sealed instead of widened. The pH of the leaching 

fluid was rapidly decreasing in the fractures. The rock of the 

fracture planes was therefore leached at one end, but the 

leached minerals were deposited at the other end of the 

fracture.  

The widths of the fracture planes between the holes were 

evaluated by the simulation model described in section 3.1.2. 

Condensed results of the simulation are shown in Table 3.2. 

The conclusion of the fracturing/leaching tests was that prop-

ping agents, e.g. sand or steel particles, have to be used to 

maintain the width of the fractures. A paradoxical result of the 

leaching test was that, though the project failed to widen the 

fracture planes, this test proved interesting as a possible 

fracture sealing method. The leaching test was described in 

detail in Nordell et.al (1989a, 1989b). 

 
 
  



 
 
 

81 

Table 3.2 Condensed Results (Mean Values) of the Simulated 
Values of Pumping Tests 1-3. 
Pump. Fracture          Flow       Flow    Fracture    Hydr. Test   
Planes          Rate     Velocity    Width     Cond. 
 No:                   (m3/min)   (m/s)         (m)   K(m/s) 
1     Inner Circle   0.36•10-3   1.84•10-2   0.3•10-3   0.59 

      Outer Circle   0.36•10-3   1.04•10-2   0.6•10-3   1.32 

      All Fractures  0.36•10-3   1.44•10-2   0.4•10-3   0.96 

2     Inner Circle   0.42•10-3   3.49•10-2   0.2•10-3   0.35 

      Outer Circle   0.42•10-3   1.35•10-2   0.5•10-3   1.33 

      All Fractures  0.42•10-3   2.42•10-2   0.3•10-3   0.84 

3     Inner Circle   0.25•10-3   3.28•10-2   0.1•10-3   0.06 

      Outer Circle   0.25•10-3   1.28•10-2   0.3•10-3   0.19 

      All Fractures  0.25•10-3   2.28•10-2   0.2•10-3   0.13 

 

3.2. The Luleå Heat Store 

3.2.1. General 
The Luleå heat store was built for experimental and demonstra-

tion purposes in 1982/83. It was located close to the campus of 

Luleå University of Technology. Waste heat from a gas fired 

co-generation plant was transferred to the store by the district 

heating network, which delivered the heat at a temperature of 

70-82  (during the summer). The storage system was separated 

from the district heating system by a heat exchanger. During the  

winter one of the buildings at the university was heated by the 

storage system.  
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The recovered heat was delivered to the heated building at a 

temperature of 35 -55 . Two heat pumps, each of 200 kW, were 

intermittently used during the extraction period. The general 

aim of the research programme was to gain a knowledge of future 

heat storage applications by studying the design, construction 

work and operation of the plant.  

3.2.2. Technical design 
The duct store in Luleå consisted of 120 vertical boreholes 

drilled within a rectangular area of 10 x 12 holes. The borehole 

separation distance was 4 m and thus the drilled land area 

Figure 3.3. Section of the heat store in Luleå. 
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occupied 36 m x 44 m. The soil overburden was between 2-6 m. 

Boreholes were drilled to a depth of 65 m in granitic and 

gneissic bedrock. The borehole diameter was 152 mm. The total 

rock storage volume was 120,000 m3. Technical data are listed in 

Table 3.3. 

 

Table 3.3. Technical Data of the Luleå Heat Store 

Storage Volume            120,000  m3 
Soil Cover                  2 - 6  m 
Type of Rock          Medium Grained Gneiss 
  Thermal Conductivity       3.42  W/m,K 
  Thermal Capacity           2.28  MJ/m3,K 
Storage Land Area (36x44 m)  1584  m2 
No of Boreholes               120 
Borehole Depth                 65  m 
Borehole Spacing                4  m 
Borehole Diameter           0.152  m 
Circulation System           Open 
Injected Energy/year          2.3  GWh (2.8*) 
Extracted Energy/year         1.0  GWh (1.6*) 
Max. Supply Temperature        82   
Min. Leaving Temperature       30   
Heat Pumps                2 x 200  kW 

*/ Values expected from the pre-simulation. 

 

The boreholes were connected to a heat exchanger, Figure 3.4, by 

a plastic pipe system. When charging, hot water was pumped to a 

central pipe from which the water was directed into 24 parallel 

lines. Each of these consisted of 5 boreholes connected in 

series, to a collecting pipe at each long side of the store. The 

boreholes were the heat exchangers between the heat carrier and  

the rock volume of the store.  
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View of the borehole heat store. The square system of the bore-
holes is seen from the locations of the soil liners.  
Photo: R.Lindfors. 
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View of the borehole heat store. The connecting pipes are 
connected to the distribution pipes. The top of the borehole 
pipes are seen in the boreholes. Photo: R.Lindfors. 
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View of the borehole heat store during the first winter of 
operation. The concrete rings on top of each hole and the data 
logger shed are seen. Photo: R.Lindfors. 
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The heat was slowly conducted into the rock from the higher 

temperature region at the boreholes. When recovering the heat, 

the flow was reversed. Connecting the boreholes in series 

resulted in a temperature stratification of the rock volume, and 

thus the temperature was always higher in the centre of the 

store. The shape and geometry of the store is indicated by 

Figure 3.3 and its circulation system is briefly described in 

Figure 3.4. 

The circulation sys-

tem was open. One 

pipe in each hole 

directed the cir-

culating water to the 

bottom of the bore-

hole. The water left 

the pipe and flowed 

upwards along the 

borehole. At the 

bedrock surface, the 

water flowed into an-

other pipe and over 

to the next borehole. 

Design and con-

struction of the heat 

store was described 

by Nordell (1987). 

 

3.2.3. Construction work 
The pre-investigation included seismic profiling, core drilling 

and water injection tests. The thermal properties of the soil 

top layer and the rock of the storage volume were determined in 

laboratory tests. 

  
Figure 3.4. Outline of the pipe system 
between the store and the heat 
exchanger.  
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he drilling (8000 m, diameter 152 mm) was carried out during 

five months, which included the coldest months of the year. Cold 

winter days caused difficult conditions for men and equipment, 

but also hard stable ground for the down-the-hole drilling 

equipment. 

The outdoor installations comprised about 10,000 m of plastic 

pipes, in and between the boreholes, collection pipes and the 

heat culvert between the store and the indoor heat exchanger. 

The indoor installations included the conventional installation 

work of heat pumps, heat exchanger, pumps and pipes. The Public 

Works of the city of Luleå (Luleå Energiverk AB) was the owner 

and SES AB (Swedish Energy System AB) the turn-key contractor of 

the storage system. The total construction cost, including 10 

boreholes for temperature measurements, was 6.7 MSEK (US$ 1.1 M) 

in 1983 (Nordell et.al 1985a, 1985b; Nordell, 1987 and 

Hellström, Nordell 1988). The total cost of the project is 

split-up into sub-costs as shown in Table 3.4. 

 

Table 3.4. Verified Itemised Construction Cost of the Luleå 
Store 
Construction       Cost  Comments 
                   (kSEK) 
Design               650 
Pre-Investigation    109  Geotechnical, Geological etc. 
Indoor Cost         1255  Indoor Culvert, Heat Exchanger, 
                          Heat Pumps, Pumps Control System  
Ground Surface Work  421  Levelling, Filling 
Drilling            1453  Soil and Rock Drilling 
Concrete Injection   151 
Piping              1498 
Liner Grouting       193 
Site Cost            370  Electricity, Water, Phone  
Capital Cost         241  During Construction Time 
Contractor's Fee     312 
TOTAL:              6653  Includes Experimental Cost  
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3.2.4. Operation Experience  
The operation of the store started in July 1983. Circulation 

problems occurred at the beginning of the first year, caused by 

large quantities of air released from the water and from the 

heated rock. This problem was cured by installing a pump to 

remove air from the piping system. Apart from this, operation of 

the store has involved only minor problems. The store 

consequently functioned as a reliable part of the heating 

system. The main problem was the operation of the heat pumps, 

though they were only used to recover 20% of the heat from the 

store. 

Chemical reactions between the rock and hot water could have 

caused problems, such as deposits in pipes and heat exchangers, 

but no such problems occurred (Claesson, 1983).  

The thermal expansion of the rock was measured by surveying the 

soil liner tubes. The maximum vertical heave was 18 mm, compared 

with a calculated value of 25 mm. The rock was regarded as a 

homogeneous fracture free body in the theoretical analysis and 

this explains the difference between theoretical and measured 

values. In reality, existing small fissures absorbed part of the 

expansion. The investigation also discovered that existing ther-

mal stress cannot crack the rock. 

3.2.5. Measured Operation Data 
Measurements were performed during 1983-1988, to collect thermal 

behaviour data of the store. They included hourly recordings of 

charged and recovered energy and daily measurements of rock 

temperatures inside and outside the storage volume (Nordell, 

1990b). 

Temperature Measurements 

The temperature measurements in and outside the storage volume 

of rock were performed at 33 points, at different depths in 10 

measurement holes. In the plan of the store in Figure 3.5 the 

boreholes for injection/extraction and for different 
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measurements are seen.  

 

The temperature holes, T1-T6, were sand filled after the 

temperature gauges had been installed, to avoid convection 

movements of the water. In the holes denoted M1-M4, only one 

temperature gauge were installed at a depth of 35 m. These holes 

were water-filled except for approximately 1 m of sand-filling 

around the temperature gauge. These holes were meant for 

different loggings and water samples. The vertical sections of 

Figures 3.6-3.7 show the location and Table 3.5 gives the depths 

of the temperature gauges in each hole. 

 

 
   
  

 
Figure 3.5. Plan of the heat store. Location of the 
temperature gauges.  

 
 
Figure 3.6. Section of the heat store. Location of the 
temperature gauges.  



 
 
 

91 

Table 3.5. Temperature Gauge Installations 
Measurement    Temperature Gauge Installations at 
Hole No:       Depth (m) 
T1             0.15; 5; 10; 35; 50; 65; 80 
T2             5; 20; 35 
T3             5; 20; 35; 50; 65 
T4             1; 16; 31; 46; 61 
T5             3; 17; 32; 47; 62; 77 
T6             5; 20; 35; 50; 65; 80 
M1-M4          35  

 

 

   

  

 
 
Figure 3.7. Section of the heat store. Location of the 
temperature gauges.  
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3.2.5.1. Measurement Accuracy 
Rock temperatures were measured with "Cu-Co" thermo-couples, to 

an accuracy of ±0.3 . The thermo-couples were guaranteed, by the 

manufacturer, to originate from the same melt to assure uniform 

quality. The gauge cables were protected by an acid-proof mantle 

of steel with a diameter of 2 mm. The measuring point was iso-

lated from the mantle. The thermo-couples were manufactured in 

specified lengths. They were labelled with depth and borehole 

number and calibrated before delivery; they were purpose-made 

for their task. During the evaluation period 1983-1988 there 

were no problems with the temperature measurements.  

The uncertainty of the temperature measurements in the bore-

holes was more influenced by the location of the sensor than the 

accuracy of the sensor itself, since the boreholes curved in-

creakingly with depth. Not only the measurement holes were 

curved, but also the boreholes of the heat store.  

Measurements of drilling deviation in the rock were made in all 

the measurement boreholes and other holes, as indicated in 

Figure 3.5. The average deviation from the vertical was 5.7 m at 

a depth of 65 m. The maximum deviation was 20 m in a 100 m deep 

instrumentation borehole. Though the borehole deviation exceeded 

the distance between the boreholes, no boreholes were 

intersected because they curved mainly the same direction, 

across the rock structure.  

The simulated rock temperatures are however in close agreement 

with measured data. This is explained by the relatively small 

temperature gradient, i.e. the location of the temperature 

measurement is not that important, and that the holes were 

curved in the same direction. 

The temperatures of supply and leaving water were measured by 

Pt-100 sensors with an accuracy of < 0.1 . The locations of 

these sensors were well defined in the storage culvert.     

The energy measurements were performed by measuring the flow 

rate of the circulation water and the temperature difference 
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between injected and leaving water. The water flow rate was 

measured by an electromagnetic flow meter with an accuracy 

equivalent to 2.5% of the maximum calibration flow rate (0.02 

m3/s). At minimum flow rates of 0.002-0.003 m3/s the accuracy was 

not better than 25% of actual flow. The apparently poor heat 

transfer at low flow rates thus could be partially explained by 

inaccurate flow rate measurements. 

  The rock thermal conductivity, determined in the geological 

pre-investigation was also uncertain. The laboratory tests were 

conducted on 5 core samples. These rock samples were taken from 

two different cores, one of them with a 45o inclination through 

the centre of the storage volume and one vertical core drilling. 

The rock thermal conductivity was 3.42 ± 0.1 W/m,K. The uncer-

tainty of this conductivity is derived from the lack of 

confidence in the accuracy of the laboratory equipment. The 

value of the conductivity should also be related to how 

representative the chosen core drilling samples were to the 

total rock mass. Even if the core drill penetrated all the 

different types of minerals and rocks present at the site, it 

was difficult to select a few samples that gave a representative 

value of the rock mass thermal conductivity.  

3.2.5.2. Data Recordings 
The measurements were collected by a data logger system, ORION 

Schlumberger, located in a computer shed at the storage area. 

The measurements were recorded on magnetic tape. The recorded 

values were transferred to a PC-computer system once a month. 

3.2.6. Measured Results 
Energy 

The length of the operation cycles varied considerably during 

the first five years of use, Table 3.6. The first charging 

period was extra-long, seven months, to raise the original rock 
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temperature of 3.2  as much as possible. Subsequent variations 

in the length of the operation periods depended on varying heat 

demand during the spring and autumn. 

It was expected that after approximately five years of 

operation, the store would accept about 2800 MWh of charging 

energy during the summer and 1600 MWh would be recovered during 

the winter. These expectations were not fulfilled. The mean 

values over four operating years (1984-88) indicated an input of 

2266 MWh, i.e. 81% of the expected value. During the same 

period, the mean recovery was 992 MWh/year, i.e. 62% of the 

theoretical value. The maximum charged energy during the period 

was 2612 MWh (93%), with a maximum recovery of 1112 MWh (70%). 

These maximum values did not occur during the same annual cycle. 

Obviously the performance of the store was poorer than expected. 

 

Table 3.6. Charged and Recovered Heat in the Luleå Store 1983-88 
 
Period of Time   Duration  Input/Output  Heat Efficiency       
                   (days)   (kW)   (MWh)       (%) 
 
83-07-04/84-01-26   207     845    4196 
84-01-27/84-06-08   134    -150    -483       11.5 
84-04-08/84-11-06   152     553    2018   
84-11-06/85-05-21   197    -278   -1013       50.2 
85-05-22/85-11-27   190     573    2612   
85-11-28/86-06-16   201    -200    -967       37.0 
86-06-16/86-10-15   122     655    1919   
86-10-16/87-06-04   232    -200   -1112       57.9 
87-06-04/87-11-27   177     592    2515   
87-11-27/88-05-31   187    -195    -877       34.9 

 

The mean charging power was 593 kW during 1984-1988, coincident 

with an extraction power of 218 kW. At the beginning of each 

charging period the charging power was approximately 1000 kW, 

declining to about 500 kW at the end of the charging period. The 

extraction power at the beginning of the extraction periods, was 

about 500 kW, decreasing to 50-100 kW at the end of the period, 

see Figure 3.8.  
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The water flow rate through the store was about 12.5 l/s during 

the charging periods, corresponding to a flow rate of 0.5 l/s 

through each borehole. During the extraction periods, the flow 

rate was approximately 6.5 l/s. The reason for the low 

extraction flow rate was that it was controlled by the water 

flow rate of the building to which the stored heat was supplied. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. Charging and 
extraction powers of the 
Luleå heat store, 1983-
1988. 
 

 

 

 

The supply and leaving temperatures of the store varied 

considerably both during charging and extraction. The supply 

temperature during charging was 70-80 . The leaving temperature 

was 15-20  lower. During extraction, the supply temperature of 

the water entering the store was about 30-45 . During its 

passage through the store, the temperature of the water was 

raised by a maximum of about 10 , so the supply temperature to 

the building was 35-55 . 

 



 
 96 

Rock Temperature 

Temperatures were measured at 33 points in the bedrock once each 

day throughout the first five years of operation. Figure 3.9 

shows an example of a typical temperature curve, showing the 

cyclic temperature variation. Maximum and minimum temperaturesre 

slightly delayed relative to the ends of the charging and ext-

raction periods. 

 

 

 

 

 

 

Figure 3.9. Example of 
temperature recording 
in the centre of the 
heat store, at a depth 
of 35 m, during the 
first five years of 
operation. 
 

 

 

There was however one exception from the typical temperature 

curve, which showed a very different pattern. This temperature 

recording, shown in Figure 3.10, was made in borehole T2, see 

Figure 3.5, at a depth of 35 m. It is seen that the temperature 

rapidly decreases and increases. The maximum temperature differ-

ence was approximately 15 . This pattern did not occur during 

the first year of operation, but started after about 400 days.  

The rapid temperature decreases were compared with climatic data 

e.g. air pressure data and precipitation (rain) during August to 

September 1984, days no. 420-470 in Figure 3.10.  
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The rain and the temperature decreases were strongly correlated, 

with a small time phase difference. The next temperature drop, 

days no. 510-530 (during Christmas and New Year 1984), also 

coincide with rain. Later occasions have not been studied. All 

temperature measurement are reported in Nordell (1988). 

 

 

 

 

 

 
 
 
 
 
Figure 3.10. Tempe-rature 
in borehole T2 at a depth 
of 35 m, during 5 years 
of operation.  
 

 

 

Even if the temperature drop was correlated to rains, it is 

difficult to explain how the rain, within a few hours, 

influenced the rock temperature at a depth of 35 m below ground 

surface. There were temperature sensors, in the same borehole, 

at 5 m and 20 m and these were not influenced by the rains.  

Since these short-time rock temperature changes, at a depth of 

35 m, did not occur during the first year of operation there are 

two possible explanations:  

1/ Filling material of a fracture, that crosses the temperature 

sensor at 35 m below ground surface, has been washed out as a 

result of the varying temperature. The cold rain water is 

therefore flowing through this fracture. 

2/ The rock was fractured by the thermal stress as a result of 

the cyclic heating. Calculations of thermally induced stresses 

showed however that this could not happen, but this measurement 
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borehole, T2, was located in the a region with the strongest 

temperature gradient.   

3.2.7. Simulated Operation 
The simulations of the five cycles were preceded by a modified 

response test during the first 15 days of operation (Hellström, 

1989a). Simulations based on the response test data showed that 

the difference between measured data and simulated operation, 

was explained by an unexpectedly high thermal resistance between 

the circulating water and the borehole wall. A value of 0.01 

m,K/W had been assumed, representing turbulent flow conditions 

in a borehole with one concentrically positioned pipe. No steps 

were taken to ensure that the pipes were centred, so they were 

probably in contact with the walls of the curved boreholes. 

Calculations of the actual thermal resistance resulted in a 

value of 0.10 m,K/W. This agreed with the theoretical value of a 

laminar flow, related to pipes in contact with the borehole 

wall. Evidently, concentric positioning of the pipes was more 

important than had been assumed when the store was built 

(Hellström, 1990). 

In order to assess the effect of the unexpectedly high value of 

thermal resistance operation simulations were performed 

(Nordell, 1990a). Only the thermal resistance of the boreholes 

was varied in these calculations. The effects of the high 

thermal resistance on the performance of the store are illus-

trated in Figure 3.11.   The mean value of the thermal 

resistance in the existing store was somewhat less that 0.10 

m,K/W. The corresponding simulation result as seen in Figure 

3.11 (2040 MWh input, 1134 MWh output), was close to measured 

data in Table 3.6 (Year 4: 1919 MWh input, 1112 MWh output). The 

thermal resistance was not constant, but varied with water 

temperature and flow rate. Nevertheless, the calculation 

described the influence of thermal resistance on the capacity of 

the store. 
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Figure 3.11. Calculated 
charged and recovered 
energies as functions 
of the thermal resis-
tance of the boreholes. 
Data from Luleå. 
 

 

 

The calculated annual heat balance of the store is seen in 

Figure 3.11. At Rb=0.01 m,K/W, during turbulent flow conditions 

with a Reynolds' number of 10000, the charged energy was 2658 

MWh, of which 1714 MWh was recovered, i.e. 63% energy efficie-

ncy. At Rb = 0.10 m,K/W, similar to that of the existing store, 

2040 MWh is charged and 1134 MWh recovered, i.e. an energy 

efficiency of 56%. The energy efficiency is, however. not a good 

indicator of the performance of a heat store. This was 

illustrated by the fact that a reduction of Rb from 0.10 to 0.01 

m,K/W increased the charged energy by 30% and recovered energy 

by 51%. The corresponding energy efficiency factor only 

increased by 7%. 

The theoretically assumed value of Rb=0.01 m,K/W, see Figure 

3.11, was equal to the resistance used in a simulation performed 

before the store was built. This pre-simulation indicated annual 

charged and recovered energies of 2800 MWh and 1600 MWh respect-

ively under steady-state conditions (Nordell, 1987). 
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3.2.8. Conclusions and Discussion 
The Luleå heat store had several inherent short-comings in its 

design, construction and operation. Nevertheless, it functioned 

as a reliable part of the University heating system. The major 

problems were the operation and maintenance of the heat pumps, 

though they were used for only 20% of the extracted heat. 

These built-in short-comings were discussed in detail by the 

owner, contracting consultants, suppliers, etc., one year after 

the operation of the store began. The conclusion of these 

discussions was that it would have been possible to build a 

similar heat store for 4.5 MSEK instead of 6.7 MSEK, which was 

the construction cost of the Luleå store in 1982, see Table 3.4 

and Nordell (1987). 

After the experience of five years of operation, the design of 

the Luleå store would be quite different if it were to be 

constructed today, despite an identical storage task.  

Hellström and Nordell (1988) showed that the total cost of 

construction could have been reduced by 13% (in 1982) simply by 

increasing the depth of the store to 125 m, instead of the 

actual 65 m. The unit costs in this study (e.g. drilling cost 

per m, piping cost per m etc.) were identical to the actual 

costs in 1982. The effect of the change in borehole depth would 

have resulted in a reduced storage land area because of the 

reduced number of boreholes from the existing 120 to 64. The 

study showed that the optimum borehole spacing would, however, 

remain un-changed, at 4 m. The borehole spacing, borehole depth 

and cost of charging energy were varied, while the thermal 

performance was identical with that of the existing store. 

The design of the above-ground piping system would be changed if 

the store were to be built today. All pipes and valves, for 

supply and return connections, should be grouped in a valve pit 

as has already been done in later borehole heat stores. Such a 

pipe system, with deeper and fewer holes, would halve the total 

construction cost of the existing store. 
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The thermal resistance in the boreholes was unexpectedly high, 

particularly during the extraction period. This was primarily a 

result of the low water flow rate and the fact that the borehole 

pipe had contact with the borehole wall, instead of being 

centred. This had a degrading effect on the heat transfer 

capability of the store. Simulations show that the annually 

charged energy would be 2658 MWh/year compared to the existing 

2040 MWh/year. The corresponding figures for recovered heat were 

1714 MWh/year and 1134 MWh/year. By centring the pipes and 

increasing the water flow rate through the boreholes, the 

charged energy would therefore increase by 30% and recovered 

energy by about 51%. This improvement would not only be due to 

the improved heat transfer, but also to the increased heat 

extraction. This should reduce the minimum temperature of the 

store and allow a more efficient use of the storage capacity. 

 
To summarize the experience of the borehole heat store: 
 The objective was to gain experience of the design, 

construction and operation of the heat store. 

 Several short-comings in design, construction and operation 

were evident. 

 It would have been possible to build the heat store with an 

identical storage task at a cost of 4.5 instead of 6.7 MSEK. 

 Problems occurred with the operation and maintenance of the 

heat pumps. 

 Based on the experience of five years of operation, the design 

of the Luleå store would be quite different today despite an 

identical storage task.  

 The total cost of construction could have been reduced by 13% 

(in 1982) simply by increasing the borehole depth. 

 The design of the above-ground piping system would be changed 

if the store was to be built today. This modified pipe system, 

with deeper and fewer holes, would further reduce the total 

construction cost. 
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 The thermal resistance in the boreholes was unnecessarily 

high. By centring the borehole pipes and increasing the water 

flow rate through the boreholes, charged energy would increase 

by 30% and recovered energy by about 51%. 
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4. DESIGN OPTIMIZATION MODEL 

4.1. Problem Description 
New or complicated systems are often designed mathematically. 

This usually involves the minimization of some physical 

quantity. Because of the difficulties in understanding the 

system, this is often considered an "optimum design", which 

restrains the builder or constructor of such systems to find 

more cost-effective solutions.  

The construction of borehole heat storage is such a system. It 

will however be shown in Section 6 that for each heat storage 

system built, engineering experience influences the design to-

wards the optimum design. The design work schedule is as 

follows: 

1/ The space heating problem is analysed. A system study, which 
includes rough cost estimates, shows that this problem could be 
solved by a heat storage system.  
 
2/ A pre-design is made and the suggested storage system is 
simulated. After some calculations a design that achieves the 
storage task is defined.  
 
3/ A more detailed design of the store is then performed. The 
construction cost of the store is calculated. Another simulation 
of the system is performed. 
 

This way a thermally efficient design is found. Cost is partly 

included in the engineering experience, but is not considered in 

the optimization. Thus, this design does not fulfil the storage 

task at the lowest annual cost, which should be the aim of the 

design work.  

Figure 4.1 demonstrates two storage designs that achieve an 

identical storage task. The store with the more horizontally 

elongated shape probably has more heat losses. To compensate for 

this extra heat loss, the volume of this store must be larger. 

In this way it is possible to find numerous stores that fulfil a 

given storage task. In this example only the shape of the store 

is varied. There are many more parameters involved that affect 
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the storage design. 

 

 
 
 
 
Figure 4.1. Outline of two 
storage designs that both 
fulfil a fixed storage 
task. The difference 
between the two stores is 
the drilling depth and the 
number of boreholes. 
 

 

4.2. General Approach 
In existing models that evaluate the thermal functioning of 

borehole heat stores, technical, climatic and operational data 

are considered. By including construction and operation cost 

data it is possible to minimize the annual storage cost and thus 

to determine the optimum storage design. This is performed in 

this thesis, in the SmartStore model (Nordell, 1994), a PC model 

developed to determine the minimum annual storage cost design of 

borehole heat stores. 

4.2.1. Storage Task 
The storage task is defined by the amount of recovered heat and 

the heat injection temperature during one annual cycle.  

4.2.2. Annual Storage Cost 
The annual storage cost is the sum of annual costs for capital, 

maintenance, operation and heat loss. In the design 

optimization, the steady-state (constant) heat loss is used to 

calculate the annual heat loss cost.  

4.2.3. Optimum Design 
The optimum design is the design that fulfils the storage task 
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with a minimum annual storage cost.  

4.2.4. Storage Economy 
The storage economy is the annual difference between the value 

of extracted heat and the storage cost. Here, the annual storage 

cost has the same definition as above, but the transient heat 

loss is used when the heat loss cost is calculated. 

4.2.5. Construction Cost 
The construction cost is the total cost of the heat store. The 

heat store is divided into several sub-constructions. These 

costs are calculated as a quantity multiplied with a unit-cost. 

The quantities required e.g. the number of boreholes or borehole 

depth, is a result of the optimization.  

4.2.6. Investment Cost 
The sum of the construction cost and the heat injection cost of 

the first year is the investment cost. So, the cost of heat 

injection during the first year is considered as an investment. 

4.3. Description of the Model 
The heat transport in the storage region, i.e. the thermal 

behaviour of the store is calculated as previously described in 

Chapter 2. The analysis only concerns sinusoidal heat injection 

pulses of long duration, e.g. seasonal variations.  

Based on the data of the borehole installation and heat carrier 

flow the heat transfer capacity of the borehole installation is 

calculated by eqs.(2.19-2.27) and a borehole resistance between 

0.01 to 0.12 mK/W is obtained, see Table 2.4. The resistance of 

the ground is calculated by eq.(2.29) and the total heat 

transfer resistance is determined by eq.(2.30). The heat 

transfer capacity is determined by eqs.(2.31-2.32). Based on the 

required heat extraction from the store the storage volume is 

determined by eq.(2.33). This is not the final storage volume 
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because the heat loss, calculated by eqs.(2.34-2.36) is not yet 

considered. The required storage volume and resulting heat loss 

is consequently determined by an iterative calculation 

procedure. 

Though borehole heat stores are often of box-like shape, the 

model assumes a cylindrical body, with the upper horizontal 

boundary at ground surface. This approximation results in an 

erroneous temperature field at the periphery of the store but 

does not greatly influence the annual steady-state heat loss.  

The upper horizontal boundary and part of the vertical side of 

the store are heat insulated. In existing stores this boundary 

is not always heat insulated. The upper part of the storage 

volume is normally covered with a soil overburden. In the 

SmartStore model the properties of the existing soil layer are 

recalculated as a thin heat insulator with corresponding heat 

insulating qualities. 

In the heat loss calculations a constant uniform temperature is 

assigned at the boundary of the storage region. The steady-state 

heat loss calculation is based on dimensionless tabulated 

values. The transient heat loss is calculated by a finite 

difference method. The numerical mesh is generated from input 

values to the model.  

 In order to speed-up the optimization the cost of the heat loss 

is based on the steady-state heat loss. The actual heat loss is 

transient. The maximum heat loss occurs during the first year of 

operation. During each consecutive year the heat loss is reduced 

towards the steady-state heat loss rate. By using the steady-

state loss the required calculation time is decrease from 30 

hours to about 20 seconds. The consequences of this 

approximation are further discussed in Sections 4.5 and 

4.10.2.1. 
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4.4. Problem Analysis 
In this analysis the design of the borehole heat store is de-

fined by the number of boreholes, borehole depth, borehole sepa-

ration and by the required heat injection rate. To find the 

optimum design technical data, operation data, climate data and 

cost data are considered. 

4.4.1. Input Data to the Model 

4.4.1.1. Technical data 
The technical data include the thermal properties of the ground 

and information about the ground heat exchangers. The drilling 

pattern, borehole diameter, type of borehole installation and 

technical data about the installations are included. 

4.4.1.2. Operation and Climate data 
The operation data, which concern the storage task, include the 

required heat extraction and its temperature and time fluctu-

ations. The injection water temperature is also required. It is 

assumed that adequate charging heat is available. The required 

heat injection rate is then a result of the optimization. It is 

assumed that the ambient mean air temperature is equal to the 

ground surface temperature.  

4.4.1.3. Cost data 
The cost data include costs and unit-costs of all the different 

store expenses. The heat cost includes both the cost of injected 

heat and the value of extracted heat. The estimated annual 

increase of the heat cost/value, is also specified. The interest 

rate and the repayment period of the investment are included in 

cost data. 
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4.5. Calculation Method 

4.5.1. Computer Model SmartStore 
The design optimization is performed with SmartStore, a menu 

operated personal computer model (Nordell, 1994). SmartStore is 

intended to be a pre-design engineering tool.  

The optimization model calculates the total investment cost for 

a great number of storage designs, i.e. different borehole 

depths and borehole spacings. The annuity method is used to 

distribute the total investment cost over the mortgage period. 

The annual storage cost, which also includes the annual costs of 

maintenance operation and the annual heat loss, is minimized. 

Results of the optimization are graphically presented during the 

execution, see Figure 4.3. The calculated design data given are: 

the number of boreholes, borehole depth, borehole spacing and 

required heat injection rate. Another optimization result is the 

construction cost, which is split into sub-costs.  

The SmartStore model was written in Turbo Pascal 5.0 for IBM 

compatible PCs. The results presented in this thesis are 

calculated by an IBM PS/2 with a 386-processor. A mathematical 

co-processor is required. One full optimization is completed in 

10-20 seconds. When the optimum design is found there is an 

option to calculate the annual economy of this design. This cal-

culation is more time consuming (2 - 3 min.) than the 

optimization, because the transient heat loss is used in this 

calculation. The execution time interval above depends on the 

length of the mortgage period. 

4.5.1.1. Optimization Interval 
The optimization interval is defined by the maximum and minimum 

borehole depths and the borehole spacings, within which the 

optimum design is to be found.  

There are of course limitations to the maximum drilling depths 

of any drilling equipment. The maximum borehole depth of 
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commonly used water well drilling rigs is approximately 200 m. 

The bore-hole depth of borehole heat stores in rock will 

probably not be less than 50 m. Thus 50 - 200 m is considered a 

reasonable depth interval. The optimum borehole depth is usually 

100-150 m. 

The borehole spacing interval is not limited by short-comings of 

the drilling equipment. The value of this interval is based on 

experience. The optimum borehole spacing is always found within 

the range of 1 - 11 m and mostly between 3 - 5 m.  

4.5.1.2. Optimization Accuracy 
The optimum design does not have to be determined more exactly 

than the precision of the construction work. This is mainly de-

termined by drilling accuracy. The drilling equipment usually 

does not position the boreholes at the ground surface more pre-

cisely than ± 0.05 m. The accuracy of the drilling depth is 

approximately ± 0.5 m. In the SmartStore model there are options 

allowing the choice of borehole spacing and borehole depth accu-

racies. These should not be given lower values than suggested 

above.  

4.5.1.3. Optimization Envelopment 
Assuming the suggested optimization interval, a borehole depth 

interval of 0.5 m within the range 50 - 200 m, and a borehole 

space interval of 0.05 m within the range 1 - 11 m, the exten-

tion of the optimization is given.  

Consequently there are 300 borehole depths and 200 borehole 

spacings to examine, totalling 60,000 possible designs. The 

design with the minimum annual storage cost is considered 

optimum. There are many methods to reduce the required number of 

calculations to find this minimum value. The purpose of this 

model was not to find the quickest solution, but to give an 

understanding of the optimization. This is obtained by drawing a 

3-D cost graph on the computer screen during execution of the 
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model. The construction cost curve is then given as a function 

of borehole spacing and borehole depth, Figure 4.3. 

The calculation is performed in several steps: first with a 

coarse grid and then, for each step, the grid becomes finer. 

Depending on chosen intervals and accuracies, the optimum design 

is found after about 600 design calculations.  

4.5.2. Calculation Procedure 
The optimization is performed within given intervals of bore- 

hole spacing, Bmin and Bmax, and borehole depth, Hmin and Hmax. 

These intervals are given as input to the SmartStore model. The 

spacing and depth intervals are divided into 10 parts, each of 

size ΔB and ΔH, eqs.(4.1-4.2). Each borehole depth, H, and 

spacing, B, are combined, eqs.(4.3-4.4), and 121 possible 

storage designs are therefore defined, see Figure 4.2. 

∆ 	      (4.1) 

∆ 	      (4.2) 

∙ ∆     for  i=0,1,…10    (4.3) 

∙ ∆     for  i=0,1,…10    (4.4) 

Figure 4.2. Calculation interval. H=borehole depth, B=borehole 
spacing. Left/ First optimization interval. The x indicates the 
coordinates of the optimum design. Right/ Next optimization in-
terval. The location of the optimum design (o) has changed. 
The heat transfer capacity of the boreholes, required storage 
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volume, heat injection and construction cost of each design are 

calculated. The annual storage cost, which includes the steady-

state heat loss cost, is calculated. For this the annuity method 

is used in preference to the mortgage time method, see Section 

4.10.  

The optimization accuracy, see Section 4.5.1.2, is defined by 

the drilling depth accuracy, Hacc and the borehole spacing 

accuracy, Bacc. If Hacc > ΔH and Bacc > ΔB the accuracy is 

adequate. Otherwise a new optimization interval is defined and 

the calculation is repeated. The new minimum and maximum values 

of H and B are calculated from the optimum values of depth, Hopt, 

and spacing, Bopt. The new values are chosen to be half the 

distance between the optimum values and the limits of the old 

optimization interval, see eqs.(4.5-4.8). 

The calculations are performed for each of the 121 designs and 

the minimum annual storage cost is determined. This design is 

optimum if the accuracy of the calculation is adequate, see 

Figure 4.2 at (Hopt, Bopt). 

 

	      (4.5) 

	      (4.6) 

	      (4.7) 

	      (4.8) 

 

The calculation is repeated. For each new optimization interval 

the accuracy of the optimization is improved. When the accuracy 

is satisfactory the design is optimal. Theoretically there are 

better designs but with the specified accuracy of the drilling 

equipment these are not possible to construct.  

Figure 4.3 shows a non-coloured copy of the computer screen, 

which is seen during execution of the model. The graph 

illustrates the variation in the construction cost, vertical 
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axis, during the optimization interval. Vertical sections 

through this 3-D cost curve are also given. This optimization is 

calculated using drilling depths (H) of 50 - 200 m and borehole 

spacing (B) of 1 - 11 m. The grid net on the B-H plane is a 

projection of the cost curve and shows the different 

optimization intervals. 

 
Figure 4.3. Copy of the computer screen during execution of the 
SmartStore model. This 3-D graph shows the construction cost as 
a function of borehole depth (H) and borehole spacing (B). 

4.5.2.1. Storage Economy 
There is an option in the model to calculate the economics of 

the optimum design storage system, see Section 4.10. The storage 

economics is the annual financial result of the storage system 

during the mortgage period of the investment. The annual storage 

cost is therefore subtracted from the annual value of extracted 

heat. The transient heat loss is used to calculate the annual 

heat loss cost.  
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4.6. Technical Data 
The technical data, see Table 4.1, consists of thermal prop-

erties of the ground and information about the ground heat ex-

changers. These are  

* drilling pattern 

* diameter of the boreholes 

* type of borehole installation and installation data 

* rock and soil properties  

 

Drilling Pattern 

The horizontal location of the boreholes may be chosen as a 

hexagonal or quadratic drilling pattern. The hexagonal pattern 

is thermally ideal. The quadratic pattern is more often chosen 

since it has practical advantages during the construction work. 

Borehole Diameter 

The diameter of the boreholes in rock also has to be chosen. 

This is not a free choice since standard available drill 

diameters are 100 - 150 mm (4"-6") in multiples of half inches. 

Borehole Installation 

Several borehole installation types are available, e.g. the 

arrangement of the pipes in the boreholes. Firstly, open or 

closed circulation systems can be chosen. The site conditions 

and system considerations could exclude the open pipe system. 

This system often requires that the ground water level is less 

than 5 m below ground surface. The closed system, i.e. different 

U-pipes and other closed pipe systems, could be used in any 

borehole heat store. The technical data of the pipes, dimensions 

and thermal properties of the pipe material are specified when 

the borehole installation system is chosen. 

Rock and Soil Properties 

The soil and rock thermal conductivity and the thermal capacity 

of the rock are required. The depth of the soil layer is import-

ant, both for the drilling cost, and as heat insulation on top 

of the store. If ground heat insulation is used on top of the 
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store, the insulation thickness and the thermal conductivity of 

the insulation must be stated.  

 
Table 4.1. Technical Data 
Required Input to the Optimization Model  
Drilling Pattern 
Borehole Diameter 
Type of Borehole 
  Installation 
Soil 
  Depth 
  Thermal Conductivity 
Rock 
  Thermal Conductivity 
  Thermal Capacity 
Ground Heat Insulation 
  Thickness 
  Thermal Conductivity 
Pipe(s) 
  Outer Diameter 
  Wall Thickness 
  Thermal Conductivity 
  No of U-pipes (U-pipe) 
  Shank Spacing (U-pipe) 
Filling 
  Thermal Conductivity 
  Thermal Capacity 
Liner in Rock (Open) 
  Thickness 
  Thermal Conductivity 
Contact Resistance 
  Filling/Liner (Open) 
  Filling/Ground 

Hexagonal or Square 
m 
Single Pipe or 
1-2-3 U-pipes 
 
m 
W/m,K     
 
W/m,K 
J/m3,K  
 
m 
W/m,K 
 
m 
m 
W/m,K 
- 
m 
 
W/m,K 
J/m3,K 
 
m 
W/m,K 
 
K/(W/m) 
K/(W/m) 

 

The boreholes are usually water-filled but sometimes other 

filling materials are used, with the U-pipe systems, to improve 

the heat transfer from the pipes. The thermal conductivity and 

thermal capacity of the filling is required. If a liner is used 

(open system) the thickness and heat conductivity of the liner 

is required. 

Contact thermal resistances are input data to the model. These 

thermal resistances are estimated, see eq.(4.16), or found in 

handbooks on heat transfer. 
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4.7. Operation Data 
The summarized operation data are listed in Table 4.2. The con-

stant annual amount of heat extracted from the store and the an-

nual variation of the injection water temperature must be given. 

This temperature is defined by a sinusoidal curve, see Figure 

4.4, assuming an annual mean temperature and a temperature 

amplitude during the year.  

The expected flow rate of 

injected water in each 

borehole and the reference 

temperature are specified. 

The reference temperature 

is the annual mean tempe-

rature of the water, which 

is used to calculate rep-

resentative values of vis-

cosity and density of the 

fluid.  

 
Table 4.2. Operation Data 
Required Input to the Optimization Model 
Heat Extraction Rate 
Injection Water 
  Annual Mean Temperature 
  Temperature Amplitude 
  Volumetric Flow Rate 
Reference Temperature 

MWh/year 
 
 
 

m3/s 
 

4.8. Climate Data 
The climatic data are brief as the operation data, see Table 

4.3. The annual mean air temperature is stated with the annual 

temperature amplitude, similar to the water temperature in 

Figure 4.4. Starting with the annual air temperature curve the 

phase difference (the delay) in days between the annual 

injection water temperature and the annual air temperature curve 

is specified. 

 

 
Figure 4.4. Presumed injection 
water temperature during one annual 
cycle.  
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Table 4.3. Climate Data 
Required Input to the Optimization Model 
Air Temperature 
  Annual Mean 
  Annual Amplitude 
  Phase 

 
 

days 

4.9. Cost Data 
The cost data to the model are divided into eight sub-costs, see 

Table 4.4. The sub-costs are given in optional currency. 

 

Table 4.4. Cost Data 
Required Input to the Optimization Model     
Capital   interest rate , mortgage time, construction time 
Land      purchase, rent, preparation, ground ins.  
Drilling  drilling, lining, grouting, injection 
Pipes     pipes and culverts 
Indoor    heat exchanger, heat pump, control system  
Design    administration, site cost 
Heat      inj./extr. heat cost, cost increase 
Operation maintenance, operation 

Ccap 
Cland 
Cdr-
ill 
Cpipe 
Cind 
Cdes 
Cheat 
Coper 

 

The total construction cost, Ccon is given by  

    (4.9a) 

The total investment cost, Cinv, which also includes the cost of 

initial heating, is given by  

.       (4.9b) 

Cin.heat is the initial heating cost.  

The annual storage cost Cast is: the sum of annual investment 

cost, operation and maintenance cost, Coper, and the annual 

steady-state heat loss cost, Cheat:  

, ∙      (4.9c) 

where AF(n,p) is the annuity factor for the interest rate, p 

(%), during the mortgage period, n (years), see Section 4.10. 

The annuity factor is used to distribute the investment cost as 

a constant annual cost over the mortgage period. The expression 

for the annuity calculation is found in eq.(4.35).  
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4.9.1. Capital 
The capital cost, Table 4.5, includes the interest rate of the 

investment and the mortgage period, from which the annual cost 

of the investment is calculated. The construction period is also 

specified. It is used to calculate the land rent cost during the 

construction work, which is part in the construction cost.  

 

Table 4.5. Cost Data, Capital Cost 
Required Input to the Optimization Model 
Interest Rate 
Mortgage Time 
Construction Time 
Currency 

% 
years 
years 
text (e.g. SEK, DM) 

4.9.2. Land and Land Preparation 
The storage land area, A (m2), and thus the storage land area 

cost, Cland, is a variable in the optimization. The storage land 

area is a function of the number of boreholes and the borehole 

spacing. The drilling pattern, square or hexagonal, will 

influence the size of the land area, see Section 4.6. 

 

If a square drilling pattern is employed it is assumed that the 

land area is also square. A circular land area is assumed for 

the hexagonal drilling pattern, because this pattern is most 

often used for cylindrical stores. In both cases a land strip of 

width WLS surrounds the drilled area. This additional area is 

 
 
Figure 4.5. The storage land area includes the drilled area 
and the surrounding land strip. Left/ Square drilling pattern 
(area). Right/ Hexagonal drilling pattern (circular area). 
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added to the storage land area, see Figure 4.5.  

If the boreholes are drilled in a square pattern the square 

storage land area is determined by eq.(4.10) and if the bore-

holes are drilled in a hexagonal pattern, the circular land area 

is determined by eq.(4.11) 

∙      (4.10) 

∙ √ ∙      (4.11) 

where Sb is the borehole spacing and Nb is the number of 

boreholes and Asq and Ahex are the hexagonal or square storage 

land areas. 

The total cost of the land area, Cland, is the sum of several sub-

costs, see eq.(4.12). Each of these costs is given as a fixed 

and an area dependant value.     

+ ∙ ∙     (4.12) 

 + ∙ ∙ + ∙  

where 

A                 Drilled area + surrounding land strip area (m2) 
LFrent, LVrent    Rent, fixed cost/year, cost/year,m2 (this cost is 
                  directly added to the annual storage cost) 
LFpur , LVpur     Purchase, fixed cost, cost/m2 
LFdef , LVdef     Deforesting, fixed cost, cost/m2 
LFfill, LVfill    Filling, fixed cost, cost/m2 
LFlev , LVlev     Levelling, fixed cost, cost/m2 
LFins , LVins     Ground Heat Insulation, fixed cost, cost/m2 

4.9.3. Drilling  
The drilling cost includes the costs for lining, concrete 

injection of the rock mass and grouting of soil pipes. The 

different sub-costs are shown in Table 4.6. 

The drilling cost is divided into two parts, soil drilling and 

rock drilling. The soil drilling is conducted using a larger 

diameter bit than the rock drilling. The soil hole usually ends 

about 1 m down into the bedrock. The rock drilling continues 

from the bottom of the soil hole using a different drilling 

equipment. Boreholes in soils are always lined, usually with 
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steel pipes. This pipe is often grouted into the bedrock, to fix 

its position. Sometimes, the boreholes in rock are also lined. 

 

Table 4.6. Cost Data, Drilling Cost 
Required Input to the Optimization Model 
Initial Drilling Cost 
Soil Drilling 
Rock Drilling 
Soil Lining 
Rock Lining 
Grouting of Soil Liner  
Concrete Injection of bedrock 

fixed cost 
cost/bh, cost/m, cost incr./m,m 
cost/bh, cost/m, cost incr./m,m 
cost/m 
cost/m 
cost/bh 
cost/bh (peripheral holes only) 

IC 
SD 
RD 
SL 
RL 
GL 
CI 

 

Concrete injection into fractured rock is used to reduce ground 

water flows through the storage volume.  

The total drilling cost is the sum of soil and rock drilling, 

grouting, lining and concrete injection costs as given by: 

+     (4.13) 

4.9.3.1. Soil and Rock   
The initial cost, IC, which is a fixed start-up cost for the 

drilling work, includes the barracks, tools etc., which are ne-

cessary to maintain the equipment. 

The depth of the soil layer, Ds, and the diameter of the bore-

holes (in rock), Db, was given constant values in Section 4.6. 

The number of boreholes, Nb, and the depth of the holes in rock, 

Hb, are variables obtained as a result of the optimization. Only 

vertical holes are considered. 

The soil and rock drilling costs are given as fixed costs per 

borehole, SDb and RDb, a fixed cost per meter of borehole, SDm 

and RDm, and a fixed cost increase per meter of borehole, SDmi 

and RDmi. Since the soil depth is known, the soil drilling cost 

is usually given a fixed value, though there is a considerable 

cost increase as a function of depth. 

The drilling time and corresponding energy consumption as a 

function of depth was studied by Schunnesson (1983, 1985).  The 

rock drilling was increasingly energy consuming as a function of 
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drilling depth. This is considered in the model by inserting the 

cost increase per m of drilling. 

The total soil and rock drilling cost functions, used in the 

optimization, are indicated in eqs.(4.14) and (4.15). The soil 

drilling depth is assumed to be equivalent to the soil depth + 1 

m since the soil drilling usually continues down to this depth. 

∙[ ∙ ∙
    (4.14) 

∙[ ∙ ∙
    (4.15) 

4.9.3.2. Lining 
Soil boreholes must be stabilized with a liner. Sometimes lining 

is also needed in rocks. Reasons for this are that poor rock 

requires stabilization and the circulation system (pressurized 

open system) requires water tight holes. The soil and rock liner 

cost, SL and RL respectively, are calculated from the specified 

cost per m of borehole, SLm and RLm: 

∙ ∙      (4.16) 

∙ ∙       (4.17) 

where Ds and Hb are the soil and borehole depths respectively and  

Nb is the number of holes.  

4.9.3.3. Grouting 
The soil liner, usually a steel pipe, may sometimes be grouted 

into a fixed position in the bedrock. This is used in open 

circulation systems if the bedrock surface is fractured, to 

avoid water leakage. The grouting cost, GLb, is given a fixed 

cost per borehole. The total grouting cost, GL, for Nb holes thus 

is: 

∙       (4.18) 

4.9.3.4. Concrete Injection 
In fractured bedrock with strong hydraulic gradients, where 

ground water flow influences the heat balance considerably, the 
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hydraulic conductivity of the rock has to be reduced. This is 

usually achieved using concrete injection of the peripheral 

holes of the store to obtain a "water proof" screen around the 

store. This method was employed in the heat store in Upplands 

Väsby, see Figure 1.8. 

The number of peripheral holes, which varies with the geometry 

and size of the store, is calculated from the number of bore-

holes, Nb, and the borehole spacing, Sb. In a hexagonal drilling 

pattern each borehole corresponds to the area, Ab: 

√ ∙
      (4.19a) 

The total drilled area, A, is then 

√ ∙ ∙      (4.19b) 

In a hexagonal drilling pattern a cylindrical storage volume is 

assumed and thus the radius, R, of the drilled land area 

becomes: 

√ ∙
     (4.19c) 

and the circumference,φ, of this circular area is  

∅ √ ∙      (4.19d) 

Therefore the number of peripheral holes, Np, of a hexagonal 

drilling pattern is 

∅
√      (4.19e) 

The number of peripheral boreholes for a square storage area is 

given by  

      (4.20) 

The concrete injection cost is given as a fixed cost per 

peripheral borehole, CIb, and the total concrete injection cost, 

CI, is defined by  

∙       (4.21) 
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4.9.4. Pipe Installations 
The borehole heat store pipe system is described in Figure 4.6 

and Figure 4.7. The pipe installation cost is divided into seve-

ral sub-costs as shown in Table 4.7.   

 

 

 

 

 

 

 

 

 

 

 

Table 4.7. Cost Data, Pipe Cost 
Required Input to the Optimization Model 
Fixed Cost 
Borehole Pipe 
Connecting Pipe 
Distr./Collector Tank 
Collecting Pipe 
Collecting Pipe Length* 
Culvert 

cost 
cost/bh, cost/m of borehole 
cost/m 
fixed cost 
cost, cost/m 
m/m 
cost 

FP 
BP 
CP 
DC 
SC 
LSC, RSC 
CU 

* Hexagonal = Collecting Pipe Length/Radius of Drilled Area 
* Square    = Collecting Pipe Length/Side Length of Drilled Area 
 

The pipe system that conducts the heat carrier between the heat 

exchanger and the store is a conventional culvert system. At the 

store there is usually a collecting pipe that distributes and 

collects the circulating water to and from the connecting pipes. 

Collecting pipes may sometimes not be used but the culvert is 

connected to a collector/distribution tank. This tank is then 

attached to the connecting pipes, which are usually are grouped 

in lines. These lines consist of a few boreholes connected in 

series, see Figure 4.6.  

 
Figure 4.6. Outline of borehole store pipe system. 
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Figure 4.7. Borehole 
pipe installation. 

Each borehole pipe installation, see 

Figure 4.7, usually has a separate 

top, that includes e.g. couplings, 

valves etc. Several different piping 

systems are however proposed, so it 

is difficult to divide the pipe 

network so, that all possible pipe 

systems are generally described. 

 

 

 

 

 

 

 

The total pipe cost, Cpipe, is the sum of the different pipe costs 

in Table 4.7:  

    (4.22) 

The fixed pipe cost, FP, is an establishment cost, which 

includes sub-costs that are not easily assigned to the different 

pipes and culverts. 

4.9.4.1. Culvert 
The culvert between the heat exchanger (or the heating central) 

and the store is given a fixed cost since the location of the 

store is usually known or presumed when the store is designed. 

The total length of the culvert is therefore known and thus a 

fixed total culvert cost, CUf, is specified.  

       (4.23) 

4.9.4.2. Collecting Pipe 
The collecting pipe (storage culvert) is given both a fixed 

cost, SCf, and a variable cost, SCm, per m of pipe. The designer 

must have some geometrical idea of how to arrange the collecting 
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pipes and the length, which is given as a fraction of the 

storage land area. In a square drilling pattern the collecting 

pipe length, LSC, is given as a fraction of one side-length of 

the store. In a hexagonal drilling pattern, a circular storage 

area is assumed and the collecting pipe length, RSC, is given as 

a fraction, of the radius of a cylindrical store. For example, 

it can be seen from Figure 4.6 that the collecting pipe length, 

LSC, is four side-lengths of the store, that is LSC = 4. 

Consequently the pipe length is a result of the optimization.  

The total collecting pipe cost, SC, of the square and circular 

storage land area, are given by eqs.(4.24-4.25) respectively. 

∙ ∙ ∙      (4.24) 

∙ ∙ ∙ ∙ √ ∙
   (4.25) 

Here Nb is the number of boreholes, Sb is the borehole spacing 

and R is the radius of the store as given in eq.(4.19c).  

4.9.4.3. Connecting Pipe 
The connecting pipes mean the pipes that conduct the heat car-

rier between the boreholes and the collecting pipe. The cost of 

these pipes is given as a variable, CPm, per m of pipe. This cost 

is thus a function of the number of boreholes and borehole 

spacing. If part of the connecting pipe depends on the number of 

boreholes, it should be given as part of the fixed cost of the 

top of the borehole pipe installation, see Section 4.9.4.4. 

The connecting pipe cost, CP, is given by: 

∙ ∙       (4.26) 

where Sb the length of each connection pipe (the borehole 

spacing) and Nb is the number of boreholes. 

4.9.4.4. Borehole Pipe 
There are several types of borehole pipe installations, see 

Figures 1.6-1.7, Figures 2.2-2.4 and Figure 4.7. These pipe in-

stallations include one or more pipes in the boreholes. In order 
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to include the different solutions in one cost function, a fixed 

cost per borehole, BPb, and a variable cost, BPm, per m of 

borehole (not pipe) are given. 

The fixed cost depends on the number of boreholes, for instance 

installations located on top of each hole. This top installation 

usually includes valves and couplings to connect the connecting 

pipes, and also installations for control measurements. Pipe in-

stallations through the soil layer are included in the fixed 

borehole pipe cost. The total borehole pipe cost is given by:  

∙ ∙ ))     (4.27) 

where Ds is the soil depth and Hb is the borehole depth in rock. 

Nb is the number of holes. 

4.9.5. Indoor Installation 
The indoor installation cost includes conventional piping and 

installation of heat exchangers, pumps etc. The operation 

control system is also a part of the indoor cost. The different 

sub-costs are listed in Table 4.8. 

 

Table 4.8. Cost Data, Indoor Installation Cost 
Required Input to the Optimization Model 
Fixed Cost 
Pumps 
Indoor Culvert and Pipes 
Heat Exchanger 
Heat Pump 
Control System 

fixed cost 
fixed cost 
fixed cost 
fixed cost, cost/kW 
fixed cost, cost/kW 
fixed cost 

IF 
IP 
IC 
HXf,HXkW 
HPf,HPkW 
CS 

 

The indoor installation cost is not greatly dependant on the 

geometry and design of the store and thus it is preferably given 

as a constant cost for each installation.  

Fixed and capacity dependant costs of the heat pump and the heat 

exchanger are specified. Capacity dependant cost functions are 

often used by engineering consultants to estimate costs of heat 

pump and heat exchanger installations. For this purpose the heat 

exchanger cost is based on the maximum injection power, MaxPinj 

(kW), and the heat pump cost on the maximum extraction power, 
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MaxPext (kW). These powers are calculated by the optimization 

model and used to calculate the heat pump and the heat exchanger 

costs. 

∙ )    (4.28a) 

∙ )    (4.28b) 

These cost functions vary the indoor costs for different de-

signs but this difference could usually be negligible. The sto-

rage task, the extracted heat, is identical for the evaluated 

designs and the difference in injection powers is therefore only 

a result of different heat losses from the evaluated stores.  

Since heat pumps and heat exchangers are manufactured in a 

number of sizes with step-wise increasing capacity, a fixed 

value should be given when the powers are known.   

The total indoor installation cost, Cind, is determined by 

eq.(4.28c). This cost is the sum of the fixed sub-costs given in 

Table 4.8 and the heat pump and heat exchanger costs, as calcu-

lated from injection and extraction powers in eqs.(4.28a-4.28b).  

   (4.28c) 

4.9.6. Administration and Design 
The administration and design cost includes site, design, 

management costs and profit, see Table 4.9. These sub-costs are 

given both a fixed value and a percentage of the construction 

cost before this sub-cost is added, Ccon-, see eq.(4.29a) and 

compare with eq.(4.28), which gives the total construction cost, 

Ccon, see eq.(4.9a). 

    (4.29a) 

The site and management costs include barracks, telephone, 

electricity, water etc. at the construction site. If the model 

is to be used by a contracting company it may also be useful to 

include profit in the calculation.  
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Table 4.9. Cost Data, Administration and Design Cost 
Required Input to the Optimization Model 
Design  
Site 
Management 
Profit 

fixed cost, % 
fixed cost, % 
fixed cost, % 
fixed cost, % 

DC 
SI
MA 
PR 

 

The total administration and design cost, Cdes, thus is given by 

∙ /  (4.29b) 

4.9.7. Heat 
The optimization indicates the heat injection required, i.e. 

extracted heat + heat loss, to achieve the storage task. In the 

SmartStore model, the heat injection cost is used to calculate 

the heat loss cost during the mortgage time of the store. The 

heat cost function includes three parts, a fixed cost, a heat 

cost per MWh and the annual heat cost increase, see Table 4.10. 

 

Table 4.10. Cost Data, Heat Cost 
Required Input to the Optimization Model 
Injection Heat Cost 
  Fixed 
  Variable 
  Annual Cost Increase 
Extraction Heat Value 
  Fixed 
  Variable 
  Annual Cost Increase 

 
cost 
cost/MWh 
% of initial cost 
  
cost 
cost/MWh 
% of initial cost 

 
HIf 
HIv 
HIi 
 
HEf 
HEv 
HEi 

 

The annual heat loss cost, see Figures 1.4 and 1.5, is included 

in the annual storage cost. The annual heat loss cost is: 

∙      (4.30) 

where HLst is the steady-state heat loss, HIf and HIv are the 

fixed and varying heat injection cost respectively.  The heat 

cost in-crease is not used in this calculation but it is used in 

the cal-culation of the storage economics of the optimum design. 

The economical value of extracted heat is necessary to include 

in order to calculate the annual economics of the optimum 

design, see Section 4.10. 
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4.9.8. Operation 
The maintenance cost and the operation cost are both the sum of 

a fixed annual cost and a cost given as a percentage of the 

construction cost, see Table 4.11.  

 

Table 4.11. Cost Data, Operation Cost 
Required Input to the Optimization Model 
Maintenance   
fixed 
  variable 
Operation 
  fixed 
  variable 

 
fixed cost 
% of construction cost 
 
fixed cost 
% of construction cost 

 
MCf 
MCp 
 
OCf 
OCp 

 

These costs are included in the optimization because they are an 

intrinsic part of the annual storage cost. The operation and 

maintenance costs are also included in the economics of the 

opti-mum storage system, see Section 4.10. The total operation 

cost is:  

∙ /     (4.31) 

4.10. Economy 
The annual economics of the optimum design is calculated for the 

mortgage time of the investment. The annual financial result, 

Eres(n), of the optimum storage system is the difference between 

the annual storage income, i.e. the value of extracted heat 

Vheat(n), and the true annual storage cost C(n) of the n:th year: 

     (4.32) 

The difference between the approximate annual storage cost, Cast 

see eq.(4.9c), used in the optimization and the true annual sto-

rage cost, C(n), used in this calculation is that the steady-

state heat loss cost is included in Cast while the transient heat 

loss cost is included in C(n). 
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4.10.1. Annual Storage Income 
The annual value of extracted heat, Vheat(n), is calculated for 

each year of operation. The annual price increase of extracted 

heat is considered in: 

∙ ∙     (4.33) 

where Vheat(n) is the value of extracted heat during the n:th year 

of operation and Hextr is the constant heat extraction rate. The 

heat price is divided into two parts; one fixed HEf and one 

variable HEv, see Table 4.10. The assumed annual price increase 

of extracted heat is HEi (%). 

4.10.2. Annual Storage Cost 
  The annual storage cost is the sum of the annual capital cost, 

operation, maintenance and heat loss costs.     

The annual capital cost of the investment, Ccap, is calculated 

using the annuity method. The annuity is calculated over the 

mortgage time at the given capital interest rate, see Section 

4.10.1. The constant annual capital cost of the investment is: 

, ∙       (4.34) 

where AF(n,p) is the annuity factor previously used in the 

annual storage cost, see eq.(4.9). Ccon is the total construction 

cost of the storage system. The annuity factor is calculated by: 

,
	 	

      (4.35) 

where n is the number of years and p the interest rate. 

The annual heat loss, i.e. heat injection - heat extraction, 

shows a transient behaviour. The heat loss is gradually reduced 

until steady-state (stationary) conditions occur and the annual 

heat loss becomes constant, see Figure 4.8. The annual heat loss 

cost Cheat(n) is given by eq.(4.36). 

∙ ∙     (4.36) 

where HIf and HIv are the fixed and variable costs of heat 

injection and HIi (%) is the assumed heat cost increase. HLtr(n) 

is the heat loss during the n:th year of operation.   
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The operation and maintenance cost, Coper, is equal to the cost 

earlier used in the optimization, see eq.(4.31). 

The true total annual storage C(n) cost thus becomes: 

     (4.37) 

4.10.2.1. Approximation of Annual Storage Cost 
In the SmartStore optimization the annual storage cost is 

approximated by Cast as given in eq.(4.38). 

, ∙ . +     (4.38) 

The difference between the true and approximate annual storage 

cost is a result of the difference between transient and steady-

state heat loss. Figure 4.8 shows that the annual transient heat 

loss is always greater than the stationary loss. To reduce this 

difference the amount of heat injected during the first year is 

added to the heat loss. This is considered to be an investment 

and this cost is added to the 

construction cost.  By using 

the steady-state heat loss as 

an approximation of the 

transient loss, the heat loss 

is underestimated. The annual 

heat loss cost is however 

less than 25% of the annual 

storage cost. The cost of the 

first year of heat injection 

is normally less than 10% of 

the investment cost. 

Consequently, an error of 10% 

in the heat loss approxi-

mation results in errors of 

1% and 2.5%, for the investment cost and the annual storage cost 

respectively. The error of the optimization is even smaller. The 

reason is that even if the annual storage cost is a few 

percentages to low, the three dimensional cost curve in Figure 

 
 
Figure 4.8. The transient heat 
loss and the approximation used 
in the optimization. 
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4.3, has basically the same shape. The error is a function of 

the heat cost and thus increases with increasing heat cost. At a 

zero heat injection cost the transient optimization is identical 

to the steady-state optimization. This is further discussed in 

Section 5.8.7.3. 

4.10.3. Annual Storage Economy 
The annual financial result, Eres, was given by eq.(4.32). After 

introducing the annual cost C(n) from eq.(4.37) we obtain: 

    (4.39) 
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5. ANALYSIS OF PARAMETER SENSITIVITY 
This parameter analysis is based on a reference storage design. 

During the analysis this design is calculated as a function of 

the parameter under investigation. Only the studied parameter is 

varied: other data, technical, operation, climate and cost data 

are equivalent to those of the reference store. 

The parameter analysis was performed with the SmartStore model, 

described in Section 4. The output list of the model shows the 

resulting optimum design and calculated storage data together 

with input data and other presumptions made. A break-down of the 

construction cost is also given.  

The optimum design is mainly given as the number of boreholes, 

borehole spacing, borehole depth and required heat injection to  

fulfil the storage task, see for instance the calculated design 

 

Table 5.1. Data of the Reference and Luleå Heat Stores 
Calculated Design Data           Reference      The Luleå 
                                 Heat Store     Heat Store 
 Borehole Spacing                  4.38 m          4.0 m 
 Borehole Depth                  127.34 m           60 m 
 No. of Boreholes                    60            120      
 Storage Land Area                 1291 m2        2489 m2 
 Storage Volume                  126091 m3      115557 m3 
 Injected heat                     2663 MWh       2665 MWh 
 Heat loss                         1063 MWh       1065 MWh 
 Recovery factor                   60.1 %         60.0 %   
 
Calculated Storage Data                               
 Maximum Injection Power            876 kW         876 kW 
 Maximum Extraction Power           633 kW         633 kW 
 Storage Mean Temperature          52.3                         
52.5  
 Vol. Heat Transfer Capacity      0.357 W/m3,K   0.414 W/m3,K  
Total Heat Transfer Capacity     45.072 kW/K    47.809 kW/K 
 
Construction Cost                  [kSEK]         [kSEK] 
 Land Cost                           155            448 
 Drilling Cost                      1684           1565 
 Piping Cost                         863           1438 
 Indoor Cost                         731           1255 
 Administration Cost                 343           1600 
 TOTAL CONSTRUCTION COST            3776           6306 
 Initial Heating Cost                310            178 
 TOTAL INVESTMENT COST              4086           6484 
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data in Table 5.1. From these values other storage data are 

calculated e.g. storage volume, land area, etc. A complete 

output list is shown in Appendix 6.1.4. 

5.1. The Reference Store 
The existing Luleå heat store was redesigned using the 

optimization model. The climate data and the storage task were 

equivalent to those of the Luleå store. This reference design is 

considered "state-of-the-art" in 1991. The optimization presump-

tions are given in Table 5.2 and Appendix 6.1.4.  

With the exception of the geometry of the store, the differences 

 
Table 5.2. Presumed Data of Reference Store  
TECHNICAL DATA (see Table 4.1) 
 Drilling Pattern                         HEXAGONAL 
 Borehole Installation                     SGL PIPE 
 Borehole Diameter                          0.115 m 
 Borehole Spacing                      1.0 - 11.0 m ± 0.05 m 
 Borehole Depth                      50.0 - 200.0 m ± 0.5 m 
 Land Strip Width                             5.0 m 
 Soil Depth                                   3.0 m 
 Soil Thermal Conductivity                   0.75 W/m,K 
 Rock Thermal Conductivity                   3.42 W/m,K 
 Rock Heat Capacity                       2200000 MJ/(m3,K) 
Borehole Installation Data 
 Borehole Diameter                          0.115 m 
 Pipe Outer Diameter                       0.0630 m 
 Pipe Wall Thickness                       0.0025 m 
 Pipe Thermal Conductivity                  0.200 W/m,K 
 Liner Outer Diameter                      0.1150 m 
 Liner Thickness                           0.0010 m 
 Liner Thermal Conductivity                 0.400 W/m,K 
 Filling Thermal Conductivity               0.600 W/m,K 
 Contact Thermal Resist. Filling/Ground     0.020 K/(W/m) 
OPERATION DATA (see Table 4.2) 
 Extracted Heat                              1600 MWh 
 Injection Water Temperature                 55.0 ± 22.2   
 Volumetric Flow Rate/Borehole             0.0006 m3/s 
 Reference Temperature                       55.0  
CLIMATE DATA (see Table 4.3) 
 Annual Mean Temperature (Luleå)              2.0 ± 12.0  
 Phase, Injection Water Temp./Air Temp.       0.0 days 
COST DATA* (see Table 4.5) 
 Construction Time                            1.0 year 
 Mortgage Time                               25.0 years 
 Interest Rate                                6.0 % 

* The presumed unit-costs are found in Appendix 6.1.4. 
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in design from the existing store concern the pipe system and 

borehole installations. There is no heat pump in the reference 

system. The operation cycle is identical with that of the 

existing store. The changes are based on experience from 

construction work and operation of the store (Nordell 1987, 

1990b). These changes can be seen by comparing output from the 

optimization of existing store in Appendix 6.1.1, with the 

corresponding   

output of the reference store optimization in Appendix 6.1.4.  

The calculated design, qualities and sub-totals of the construc-

tion cost of the reference store and the existing Luleå store 

are indicated in Table 5.1.  

In this example it is seen that the construction cost is divided 

into five parts. The first year of charging is seen as an 

investment and so, this initial heating cost is added to form 

the total investment cost. 

The annual storage cost, see Section 4.2.2, is minimized in the 

optimization model. The input data for the reference store, 

Appendix 6.1.4 and Table 5.2, resulted in the following costs:  

 

Annual Investment cost            320  
Operation and Maintenance cost     76  
Annual Heat Loss cost              85 
Total Annual Storage cost         481 kSEK 
 

The annuity method, with 6% interest and a life of 25 years, was 

used to calculate the annual investment cost. It follows that 

the annual investment cost was 65% of the total annual storage 

cost. 

5.2. Drilling Pattern 
The hexagonal drilling pattern is the thermally ideal pattern 

since, assuming a constant borehole spacing, since it results in 

the most efficient heat transfer to the storage volume. Assuming 

that all of the unit-costs of the sub-constructions of the 

quadratic and hexagonal patterns are identical, the optimum 
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design differs as shown in Table 5.3.  

 

Table 5.3. Optimum Design Data, Different Drilling Patterns 
                       Quadratic  
 Borehole Spacing         4.13 m 
 Borehole Depth         130.16 m 
 No. of Boreholes           58 
 Storage Land Area        1395 m2 
 Storage Volume         128938 m3 
 Injected Heat            2671 MWh 
 Heat Loss                1071 MWh 
 Recovery Factor          59.9 % 
 
 Max. Injection Power      878 kW 
 Max. Extraction Power     634 kW 
 Storage Mean Temp.       52.3 oC 
 Heat Transfer Cap.     44.632 kW/K 
 
Sub-Totals of Construction Cost         
(kSEK) 
 Land Cost                 167 
 Drilling Cost            1679 
 Piping Cost               859 
 Indoor Cost               732 
 Administration Cost       344 
 TOTAL CONSTRUCTION COST  3780 
 Initial Heating Cost      317 
 TOTAL INVESTMENT COST    4097 

   Hexagonal 
     4.38 m 
   127.34 m 
       60 
     1291 m2 
   126091 m3 
     2663 MWh 
     1063 MWh 
     60.1 % 
 
      876 kW 
      633 kW 
     52.3 oC 
   45.072 kW/K 
  
 
    (kSEK) 
      155 
     1684 
      863 
      731 
      343 
     3776 
      310 
     4086 

 

The optimum quadratic borehole spacing is 4.13 m compared with 

a hexagonal pattern spacing of 4.38 m. There are two more bore-

holes in the hexagonal store, but the drilling depth is smaller 

resulting in a similar total drilling length. Other differences 

are small. The total construction cost of the hexagonal store is 

slightly lower than the quadratic design. The quadratic pattern 

is chosen because the drilling positions are easier to locate. 

The quadratic pattern is also helpful during the construction 

work since this geometry forms "roads" for lorries and other 

heavy equipment. The hexagonal pattern is typically used in a 

cylindrical store and consequently a more complicated pipe sys-

tem, installed between the boreholes. The results of this 

optimization however imply that the hexagonal drilling pattern 

should be used in combination with a square drilling area. 

In such a situation the positioning of the holes and the pipe 
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system would be the same as that of the square system, see 

Figure 5.1 and compare with Figure 4.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3. Borehole Installation 
Different borehole pipe installations result in different 

thermal resistances or heat transfer capacities of the 

boreholes. The thermal resistance is low, in the single pipe 

system, due to the convective heat transport to the borehole 

wall. In the closed systems, with different numbers of U-pipes, 

heat is carried from the pipes to the borehole wall by heat 

conduction. Natural con-vection may improve heat transfer. The 

calculated fluid-to-ground thermal resistances of the different 

installations are indicated in Table 5.4.  

Optimum design data of the four installations are indicated in 

Table 5.5. Input data are identical, except from the type of 

installation. The constant volume flow rate per borehole is 

directed into one, two or three U-pipes. 

 

  

 
 
Figure 5.1. Plan of hexagonal drilling pattern in 
a square storage areas. The black dots indicate 
the borehole. 
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TABLE 5.4. Fluid-to-ground thermal resistance 
Single-U 

 
K/(W/m) 
0.136 

Double-U 
 

K/(W/m) 
0.077 

Triple-U 
 

K/(W/m) 
0.064 

Closed 
Single Pipe 

K/(W/m) 
0.033 

Open  
Single Pipe 

K/(W/m) 
0.01 

Flow rate = 0.0006 l/s,borehole, U-Pipe diameter = 0.032 m 
Borehole Diameter = 0.115 m 

 

The number of boreholes is increased and the borehole spacing is 

reduced compared to the reference store (single pipe), because 

the thermal resistances of the U-pipe systems are higher. The 

storage volume is also increased with increasing thermal 

resistance, see Table 5.5.  

 

Table 5.5. Optimum design data, different borehole installations 
 
Borehole Installation 
 
Borehole Spacing (m) 
Borehole Depth (m) 
No. of Boreholes 
Storage Land Area (m2) 
Storage Volume (m3)  
Injected Heat (MWh) 
Heat loss (MWh) 
Recovery Factor (%) 
Constr. Cost (MSEK) * 

 
Single-U Double-U Triple-U  Single Pipe 
                           (Reference) 
    3.84     4.09     4.16     4.38 
  127.34   127.34   126.88   127.34 
      89       73       70       60 
    1374     1318     1311     1291 
  145430   134340   131897   126091 
    2713     2685     2678     2663 
    1113     1085     1078     1063 
    59.0     59.6     59.7     60.1 
    [5.0]    [4.3]    [4.2]    [3.8] 

* Not strictly relevant in this comparison 

 

The borehole spacing increases with increasing number of U:s 

because of the improved heat transfer and consequently fewer 

boreholes are required. The construction cost is not strictly 

relevant in this comparison since the unit-cost per m of 

borehole installation is equal in all the four designs. This 

unit-cost should have increased so that the cost was higher for 

a triple U-pipe than for a double. The construction cost is 

given in Table 5.5 to show how a more efficient borehole 

installation influences the total cost. More information about 

this optimization is given in Appendix 5.3.  
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5.4. Borehole Diameter 
The borehole diameter is not precisely defined since a drilled 

hole in rock has a slightly conical shape. It is wider at ground 

surface because the drill bit wears during the drilling. Figure 

5.2 indicates the reduction in drill bit diameter as a function 

of drilling length during the drilling of the existing store in 

Luleå (Schunnesson, 1983).  

The lifetime of a drill bit is 300-1000 m in crystalline rock 

and the final diameter is 5-10% smaller than the initial.  

The choice of drilling diameter is determined by available 

standard drilling equipment. Different types of small diameter 

equipment, < 75 mm, in 

mining activities for 

small drilling depths are 

available, but these are 

not suitable for the long-

hole drilling required in 

borehole heat stores. Well 

drilling is relatively si-

milar to the borehole heat 

store drilling.  

The horizontal borehole 

deviation by depth is 

favourable in well 

drilling but in borehole heat stores this could cause problems 

like varying borehole spacing. Borehole intersections would 

happen if the borehole deviation occurred randomly. No borehole 

intersections, in any borehole heat store, are however reported. 

The reason for this is that the deviation usually curves against 

the structure of the rock, so the holes mainly curve in the same 

direction (Schunnesson, 1983). The measured horizontal borehole  

 
Figure 5.2. Drill bit diameter as 
a function of drilling length. 
After Schunnesson (1983). 
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deviation of the Luleå 

store is shown in Figure 

5.3. 

Standard diameters avail-

able for well drilling in 

Scandinavia are 100-152 

mm.  The influence of the 

borehole diameter, between 

80 mm and 152 mm, on the 

optimal design, is shown 

in Figures 5.4 - 5.5 and 

Appendix 5.4.  

Only the drilling diameter 

is varied. Other parame-

ters are identical to 

those of the reference 

store, see Section 5.1.   

The thermal heat transfer 

to the rock volume is 

improved with increasing 

well diameter. Thus the 

number of boreholes 

decreases and the borehole 

spacing increases, see 

Figures 5.4 and 5.5. Con-

struction costs are also 

reduced with increasing 

diameter, see Figure 5.6. 

This is mainly a result of 

the reduced number of 

boreholes. The unit-cost 

of drilling is constant in 

this calculation to  

Figure 5.3. Average horizontal 
borehole deviation of the Luleå 
store. 

 Figure 5.4. Borehole spacing as a 
function of borehole diameter. 

 Figure 5.5. Number of boreholes as 
a function of borehole diameter. 
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indicate the influence of 

the borehole diameter it-

self. This cost would 

probably increase with in-

creasing borehole diameter 

if the increased drilling 

cost was considered. For 

the influence of varying 

drilling cost, with con-

stant borehole diameter, 

see Section 5.8.3.  

5.5. Thermal Properties of the Ground 
The thermal properties of the storage volume are of fundamental 

importance for the design of heat stores. The required storage 

volume is determined by the volumetric heat capacity and the 

heat loss, which is proportional to the heat conductivity. The 

conductivity also determines the internal heat flows of the 

store. 

The heat capacity of different types of rocks is fairly similar 

but the heat conductivity varies considerably, see Table 1.1. 

The heat conductivity of a heat insulating soil layer on top of 

the store is also important since it influences heat loss from 

the top of the store. The volumetric heat capacity of the soil 

is not of great importance, and can therefore be neglected. A 

steady-state heat flow situation is attained after a short 

period of time in a relatively thin soil layer. 

 

  

 
Figure 5.6. Construction cost as a 
function of borehole diameter. 
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5.5.1. Thermal Conductivity of Storage Volume  
Heat is more easily injected 

and extracted from the store 

with increased thermal 

conductivity of the storage 

volume. So, the optimum 

borehole spacing is 

increased. This also means 

that fewer boreholes are 

required with increased 

thermal conductivity. 

Heat is more easily injected 

and extracted from the store 

with increased thermal 

conductivity of the storage 

volume. So, the optimum 

borehole spacing is 

increased. This also means 

that fewer boreholes are 

required with increased 

thermal conductivity. Since 

the drilling cost is a major 

part of the construction 

cost this results in a 

greatly reduced construction 

cost, see Figures 5.7-5.9 

and Appendix 5.5.1. Since 

the heat loss increases 

linearly with the heat 

conductivity of the storage 

volume, the required heat 

injection increases 

accordingly. Consequently 

 
 
Figure 5.7. Optimum borehole 
spacing as a function of rock 
thermal conductivity.  

Figure 5.8. Optimum number of 
boreholes cost as a function of 
rock thermal conductivity. 

Figure 5.9. Optimum construction 
cost as a function of rock 
thermal conductivity.  
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this design, as a function of thermal conductivity, would change 

considerably with increasing injection heat cost, Section 

5.8.7.1. 

5.5.2. Heat Capacity of the Storage Volume 
The heat capacity of the storage volume affects the optimum 

design. Since the volumetric heat capacity is similar in 

different types of rocks, it is not as important as the thermal 

conductivity. Heat is 

stored more densely with 

increasing heat capacity 

resulting in a reduced 

storage volume, see 

Figure 5.10.  

A smaller storage volume 

also reduces the annual 

(absolute) heat loss. 

The heat transport is 

not however improved by 

the increased heat 

capacity and thus the 

number of boreholes is almost constant, see Figure 5.11. The 

construction cost is slightly reduced over the optimized 

interval of heat capacity. Further information regarding this 

optimization is given in Appendix 5.5.2. 

5.5.3. Soil Layer 
A heat insulating soil layer on top of the store is advantageous 

to reduce heat losses. Data from the existing Luleå store 

indicated however that the soil drilling cost was 40-50 % of the 

total drilling cost, though the soil depth was only 1/10 of the 

rock drilling depth. In this parameter study both the thermal 

conductivity of the soil and the depth of the soil are varied.  

 

 
 
Figure 5.10. Optimum storage volume 
as a function of rock heat capacity. 
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5.5.3.1. Top Soil Thermal Conductivity 
The soil thermal conductivity is approximately 1.0 W/m,K, which 

is lower than the thermal conductivities of most types of rock, 

see Table 1.1. For any borehole heat storage system, the annual 

heat loss would increase with increasing top soil conductivity.  

The optimum design, as 

function of the top soil 

thermal conductivity, is 

shown in Figures 5.12-14 

and Appendix 5.5.3.1. 

The maximum soil thermal 

conductivity used in 

this optimization is 

equivalent to the rock 

thermal conductivity of 

the reference store, 

3.42 W/m,K. This extreme 

value of soil conduc-

tivity corresponds to 

the situation in which 

there is no top soil 

layer, i.e. the store is 

drilled directly into 

bedrock, but the upper 3 

m of the bedrock is not 

an active part of the 

store.   

Figure 5.12 indicates 

the optimum borehole 

depth, which increases 

from 122 m to 156 m over the soil thermal conductivity interval 

used. Figure 5.13 shows that the number of boreholes can be 

reduced from 61 to 51. The storage volumes are however similar, 

with only a minor increases with increasing thermal con-

 

 
Figure 5.12. Optimum borehole depth 
as a function of thermal conducti-
vity of top soil layer.  
 

 
Figure 5.13. Optimum number of bore-
holes as a function of thermal 
conductivity of top soil layer. 
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ductivity, see Appendix 5.5.3.1. Figure 5.14 indicates that the 

annual heat loss is increased by approximately 30%, within the 

range of increasing top soil thermal conductivity. It is however 

evident, that the optimum design tends to reduce the heat loss 

from the top area of the store with increasing soil thermal 

conductivity. Designs with deeper and fewer holes (smaller 

ground storage area) are therefore more favourable.  

The figures in Appendix 

5.5.3.1 indicate that the 

borehole spacing is almost 

constant and that the 

storage volume increases 

little with increasing 

soil conductivity. The 

construction cost, as a 

function of top soil 

conductivity, increases 

marginally with increasing 

soil conductivity.  

5.5.3.2. Depth of Top Soil Layer 
The depth of the top soil layer is more important because the 

soil drilling cost increases with increasing depth. This was not 

apparent in Section 5.5.3.1 because the drilling cost was 

constant since the soil depth was not varied. In this analysis 

the soil conductivity of the reference store, 0.75 W/m,K, is 

used. The heat loss decreases, see Figure 5.15, and the soil 

drilling cost increases with increasing soil depth. In this 

balance between the drilling and heat loss costs, the optimum 

construction cost is minimal at a soil depth of 2 m, see Figure 

5.16. 

 

  
Figure 5.14. Heat loss as a func-
tion of top soil thermal con-
ductivity. 
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The optimum number of 

boreholes has a maximum at a 

soil depth of 2 to 3 m. The 

number of boreholes is 

reduced because of the more 

expensive soil drilling with 

increasing depth. The 

borehole depth is almost a 

mirrored picture of this 

curve with its minimum at 2 

to 3 m. Further graphs in 

Appendix 5.5.3.2 show that 

the storage volume and the 

borehole spacing both are 

about constant with a slight 

increase with the soil 

depth.  

 

 

 

5.6. Operation Data 
The operation cycle of the heat store is defined by the amount 

of extracted heat and the injection water mean temperature and 

amplitude during the year. In this section these three operation 

parameters are studied.  

The mean temperature and the amplitude of injected water during 

the year are the most difficult parameters, of the input data, 

to define. The maximum and minimum temperatures of the storage 

 
Figure 5.15. Annual Heat Loss as 
a function of top soil depth. 
 

 
Figure 5.16. Optimum Construction 
cost as a function of top soil 
depth. 
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volume are confined within the corresponding water temperatures. 

The store will not become as warm as the maximum injection water 

temperature and not as cold as the minimum injection 

temperature. The injected water is cooled during heat injection 

periods and warmed during heat extraction periods. The heat of 

the water leaving the store is equal to the heat delivered 

during the extraction periods. The injection water temperature 

and the required minimum temperature delivered from the store 

therefore limits the temperature amplitude of injected water. 

5.6.1. Heat Extraction Capacity 
The optimum storage volume must increase to meet the increased 

heat extraction capacity, see Figure 5.17. The relationship, 

between the heat extraction capacity and volume increase, is 

nearly linear with only a slight decrease with increased heat 

extraction. The deviation from linearity results from the 

decrease in relative heat loss with increasing volume (heat 

extraction). The heat loss is given in Figure 5.18.  

 

 

 

 

 

 

Figure 5.17. Optimum storage 
volume as a function of heat 
extraction capacity. 
 

 

The storage volume, which increased with the increasing heat 

extraction capacity, also results in an increasing number of 

holes, see Appendix 5.6.1. The borehole spacing increases from 

4.25 m to 4.66 m as a result of reduced relative heat loss, and 

the depth of the boreholes increases from 112 m to 167 m in the 

range of heat extraction. 
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Figure 5.18. Optimum 
annual heat loss as a 
function of heat extrac-
tion capacity. 
 

 

The construction cost changes linearly with increased heat 

extraction capacity, see Figure 5.19. This construction cost is 

recalculated to show the specific construction cost, i.e. the 

construction cost per annually extracted heat, Figure 5.20. 

 

 

 

 

 

 

Figure 5.19. Optimum 
construction cost as a 
function of heat 
extraction capacity. 
 

 

 

 

 

 

Figure 5.20. Optimum 
specific construction 
cost as a function of 
heat extraction capacity. 
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Figure 5.21. Optimum volumet-
ric construction cost as a 
function of heat extraction 
capacity. 
 

 

 

Another commonly used parameter, is the volumetric construction 

cost, i.e. the construction cost per storage volume, see Figure 

5.21. The store becomes more cost effective as a function of 

increasing size, measured as volume or capacity.  

5.6.2. Injection Water Temperature Amplitude 
A small temperature amplitude of the injection water results in 

a small temperature difference between the maximum and minimum 

storage volume temperatures. The maximum temperature occurs when 

the store is fully charged and the minimum temperature when it 

is "empty". So, the storage volume is more efficiently used and 

optimum storage volume decreases with increasing temperature 

amplitude, see Figure 5.22.  

 
 
 
 
 
Figure 5.22. Optimum storage 
volume as a function of injec-
tion water temperature ampli-
tude. 
 

 

 

 



 
 150 

 
 
  
 
 
 
 
Figure 5.23. Optimum borehole 
spacing as a function of in-
jection water temperature 
amplitude. 
 

 

To use a smaller storage volume with a larger temperature 

difference the borehole spacing must also decrease to obtain the 

required heat transfer qualities of the store, Figure 5.23. The 

construction cost is also reduced by increasing amplitude, see 

Appendix 5.6.2. The disadvantage of large temperature amplitude 

of the injection water is that the extracted heat is delivered 

at lower temperature.  

5.6.3. Injection Water Mean Temperature 
The annual mean temperature of injected water is a few degrees 

higher than the mean temperature of the storage volume. The 

difference is due to the heat loss, i.e. with a hypothetical 

zero heat loss situation these temperatures would be identical. 

For a given storage design, the heat loss is proportional to the 

temperature of the store. This is also the case with the optimum 

annual heat loss as shown in Figure 5.24. 

 

 

 

 
Figure 5.24. Optimum annual 
heat loss as a function of in-
jection water mean tempera-
ture.  
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It seems reasonable that it should be more expensive to con-

struct a store for higher extraction temperatures. The graphs in 

Appendix 5.6.3, confirm this suggestion. The reason is that more 

boreholes and decreased boreholes spacing are required. The op-

timum storage volume is marginally increased with an increased 

storage temperature. 

5.7. Climate Data 
The climate data concern primarily the annual mean air tempera-

ture, which is used to approximate the ground surface tempera-

ture. This study only includes three different ground tempera-

tures corresponding to the climates in the north, central  and 

south of Sweden. 

5.7.1. Air Mean Temperature 
The heat loss is reduced linearly with increasing ground tempe-

rature, Figure 5.25. The number of boreholes is reduced and the 

construction cost at a ground temperature of 10  is about 5% 

lower than at 2 , which is the ground temperature of the 

reference store. Further results of this calculation are shown 

in Appendix 5.7.1. 

 

 

 

 

 

 
Figure 5.25. Optimum heat 
loss as a function of ground 
mean temperature. 
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5.8. Cost Data 

5.8.1. Capital Cost 
The capital cost is calculated based on the interest rate and 

the mortgage time of the investment, which are important 

parameters influencing the economics of any construction. The 

capital cost in this analysis is included in the design 

optimization. 

5.8.1.1. Capital Interest 
The capital interest of the reference store is 6% with a 

mortgage time of 25 years. The interest rate was varied between 

2% and 14%.  

The construction cost graph seems paradoxical since the 

construction cost is decreasing with increasing interest rate. 

The reason is that the optimum construction cost, Figure 5.26, 

indicates the benefit of less expensive stores with increasing 

interest rates, because of the increased annual storage cost. 

Consequently the heat loss cost becomes less important with 

increasing construction cost, thus the optimization model 

favours increasing heat loss with increasing interest rate, see 

Figure 5.27. 

 

 

 

 
 
 
Figure 5.26. Optimum construc-
tion cost as a function of 
interest rate of investment. 
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Figure 5.27. Annual heat loss 
as a function of interest rate 
of investment. 
 

 

 

The increased heat loss is a result of the changed design of the 

store. The number of boreholes has decreased from 61 at the 

lowest interest rate, to 58 holes at 14% interest rate. During 

this interest interval, a 10% increase in the optimum storage 

volume occurs. Design data graphs are shown in Appendix 5.8.1.1.  

5.8.1.2. Mortgage Time 
The mortgage time was varied from 10 to 50 years. The result of 

this optimization shows that the optimum annual heat loss, and 

thus the corresponding heat loss cost are slightly reduced. 

Consequently there are only minor changes in the optimum design, 

see Appendix 5.8.1.2. 

5.8.2. Land 
The land area cost consists of purchase or rent costs and the 

land preparation cost, which includes deforesting, filling, 

levelling etc. The ground heat insulation cost is also included. 

In this analysis two parameters are studied: land preparation 

and ground heat insulation. The different parts of land 

preparation operation have similar cost functions which include 

a fixed cost and a unit-cost per m2 of the storage land area. The 

total unit-cost of land preparation per m2 is therefore 

evaluated. The ground heat insulation area is smaller than the 

storage ground area, since the land strip surrounding the 
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drilled area is assumed not to be thermally insulated.  

5.8.2.1. Land and Land Area Preparation 
The land area cost varies considerably in different parts of a 

country, usually becoming more expensive in densely populated 

areas. If it is possible to use the storage land area for car 

parking etc. this could result in a zero land cost. Even a 

negative cost is possible if, for instance the heat loss to the 

land area melts away snow from the parking area. In this 

parameter study a land area cost between 0 to 500 SEK/m2 is 

analyzed. Figures 5.28 and 5.29 indicate that a more expensive 

land area cost results in a reduced land area because of 

increased drilling depth and fewer boreholes. See also Appendix 

5.8.2.1.  

 

 

 
 
 
 
 
Figure 5.28. Optimum number 
of boreholes as a function of 
land area cost. 
 
 
 
 

 
 

 

 

 

 

Figure 5.29. Optimum borehole 
depth as a function of land 
area cost. 
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5.8.2.2. Ground Heat Insulation 
The influence of the ground heat insulation on the optimum de-

sign should be compared with the influence of the depth of the 

top soil layer. The thermal conductivities are 0.1 W/m,K and 

0.75 W/m,K respectively. A ground heat insulation of 1 m 

therefore corresponds to 7.5 m of soil. The heat insulation 

gained by a top soil layer is thus much more expensive because 

of the drilling cost. 

The cost of ground heat insulation increases the construction 

cost. The benefit is the reduction in heat loss. To minimize the 

required ground heat insulation area the optimum store is com-

posed of fewer and deeper holes. Results of this optimization 

are found in Appendix 5.8.2.2. 

5.8.3. Drilling 
The drilling cost was about 22% of the total construction cost 

of the Luleå heat store, see Table 3.3, and almost 40% of the 

construction cost of the Stocksundstorp store. Thus, it is 

important to reduce the drilling cost to obtain a less expensive 

store. 

The drilling cost is divided into several parts, see Section 

4.9.3. Varying soil and rock drilling costs, as functions of 

drilling depths, are analyzed to obtain the optimum design. The 

increased cost with depth of the rock drilling is also studied. 

 

5.8.3.1. Soil 
The soil drilling cost increases strongly with the drilling 

depth. The soil depth is usually known from geological investi-

gations and thus a fixed cost per borehole is offered by the 

drilling companies. The drilling cost in this study is given as 

a cost per m of drilling, with a soil depth of 3 m. Since it is 

assumed that the soil drilling penetrates 1 m into the bedrock, 

this means a drilling of 4 m. The soil drilling cost of the 
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reference store was assumed 2000 SEK per borehole that is 500 

SEK/m.  

 

 

 

 

 

 

Figure 5.30. The optimum num-
ber of boreholes as a function 
of soil drilling cost. 
 

 

The optimum number of boreholes decreases and the borehole depth 

increases by an increasing soil drilling cost, Figures 5.30-31. 

The soil drilling cost is therefore reduced, in designs with 

fewer holes. The reduced number of boreholes also results in  

a small increase in borehole spacing. This more elongated shape 

increases the heat loss, the storage volume and the construction 

cost slightly. Appendix 5.8.3.1 shows the borehole spacing, 

construction cost, storage volume and annual heat loss as 

functions of the soil drilling cost. 

 

 
 
 
 
 
 
Figure 5.31. The optimum bore-
hole depth in rock as a func-
tion of soil drilling cost. 
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5.8.3.2. Rock 

5.8.3.2.1. Rock Drilling Cost 
Changes in the optimum design as a function of varying rock 

drilling cost are similar to the corresponding optimization of 

the soil drilling cost. The difference is that the rock borehole 

is the ground heat exchanger of the system, while the soil holes 

take no part in the heat transfer. Consequently, the total rock 

drilling length must be approximately constant, even if fewer 

holes are favoured. As a result the borehole spacing and the 

sto-rage volume will increase, see Figure 5.32. Further graphs 

of this optimization are shown in Appendix 5.8.3.2.1. 

 

 

 

 

 

 

Figure 5.32. The optimum  
borehole spacing as a function 
of rock drilling cost. 
 

 

5.8.3.2.2. Rock Drilling Cost Increase 
The rock drilling capacity varies with depth. Data from the 

Luleå store indicated that the drilling time, per m of borehole, 

varied between 3.1 min/m to 4.0 min/m at depths of 10 m and 120 

m respectively (Schunnesson, 1983). The situation is however 

complex, because there are also time reducing factors with 

increased drilling depth. Deeper drilling, for example, means 

that the drill rig does not have to be moved between the holes 

as frequently. Overall there is a cost increase by increasing 

dril-ling depth. In the reference store a cost increase of 0.5 

SEK/m,m was assumed starting with 120 SEK/m at the ground 
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surface. In the present study the cost increase is varied from 0 

to 1.25 SEK/m,m. 

This optimization indicates that the rock drilling cost in-

crease changes the optimum design greatly. The drilling depth is 

reduced by 50% and the number of boreholes is almost doubled 

within the optimization interval, see Figures 5.33-34.  

The borehole spacing and the storage volume are almost constant 

over the interval. The annual heat loss is reduced as a function 

of the drilling cost increase. This is a result of a more 

compact shape of the store, because of reduced drilling depth 

and more boreholes. The total construction cost increase is 

about 20%, see Appendix 5.8.3.2.2. 

 

 

 

 

 

Figure 5.33. The optimum 
borehole depth as a function 
of rock drilling cost in- 
crease with depth. 
 
 

 

 

 

 

 

 

Figure 5.34. The optimum num-
ber of boreholes as a function 
of rock drilling cost increase 
with depth. 
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5.8.3.3. Lining 
The rock lining cost is given a constant cost per m of bore-

hole. It is evaluated by adding the lining cost to the rock 

drilling cost. See Section 5.8.3.2.1. 

 

5.8.3.4. Grouting 
The grouting cost is given a constant cost per borehole. It is 

evaluated by adding the grouting cost to the soil drilling cost. 

See Section 5.8.3.1. 

5.8.4. Pipes 
The piping cost amounted to 23% of the total construction cost 

of the Luleå store, see Table 3.3. This part of the total cost 

was reduced to about 15% in the Stocksundstorp store. The piping 

cost is split-up into several parts (discussed previously in 

Section 4.9.4). The costs of the boreholes pipes, connecting 

pipes (between holes) and the collecting pipes are varied in 

this parameter analysis. 

5.8.4.1. Culvert 
The culvert pipe that delivers the heat to the store is assumed 

to have a fixed length and cost. 

5.8.4.2. Collecting Pipe 
The size of the collecting pipe system depends on the number of 

boreholes and the borehole spacing, i.e. indirectly the storage 

land area. A more favourable design should therefore result in 

fewer boreholes and decreased spacing. This is shown in Figures 

5.35-5.36. The pipe cost is varied from 0 to 1000 SEK/m. To 

achieve the storage task the holes must be drilled to a slightly 

greater depth, since the optimum storage volume is almost un-

changed, see also Appendix 5.8.4.2. 
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Figure 5.35. The optimum 
borehole spacing as a function 
of collecting pipe cost. 
 
 

 

 

5.8.4.3. Connecting Pipes 
The size of the connecting pipe system, which connects the 

boreholes, depends on the number of boreholes and the borehole 

spacing. A better design with respect to the connecting pipe 

cost should result in fewer and thus deeper holes. The total 

cost of the connecting pipes is 1 - 3% of the construction cost 

and only small changes in the design should be expected. In this 

optimization the pipe cost is varied from 0 to 180 SEK/m. The 

results of the optimization show that the borehole spacing, 

storage volume and heat loss are constant over the optimization 

interval. The construction cost increases slightly, see Appendix 

5.8.4.3. The changes are seen in Figures 5.37-38, in which the 

borehole depth is increased and the number of boreholes is 

reduced because of increasing connecting pipe cost. 

 

 

 

 

 
Figure 5.36. The optimum num-
ber of boreholes as a func-
tion of collecting pipe cost. 
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Figure 5.37. The optimum bore-
hole depth as a function of  
connecting pipe cost. 
 

 

 

 

 

 

 

 

Figure 5.38. The optimum num-
ber of boreholes as a function 
of connecting pipe cost. 
 

 

5.8.4.4. Borehole Pipes 
The size of the pipe system in the boreholes depends on the 

number and the depth of the boreholes, i.e. the total borehole 

length. A better design with respect to the borehole pipe cost 

should result in a reduced total borehole length. The total cost 

of the borehole pipes is about 10% of the construction cost. In 

this optimization the pipe cost is varied from 0 to 150 SEK/m. 

This is not the cost per m of pipe but the cost per m of bore-

hole, i.e. the cost of a single U-pipe system is varied from 0 

to 75 SEK/m of pipe.  

The results of the optimization show that the number of bore-

holes is reduced from 62 to 58 over the optimized cost interval. 
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The borehole depth increases from 125.0 m to 129.2 m, see 

Figures 5.39-5.40. The total borehole length is consequently 

reduced from 7750 m to 7494 m. The 10% storage volume increase 

results in an increased heat loss that reduces the effect of the 

increased pipe cost on the annual storage cost. The construction 

cost increase is about 20% over the borehole pipe cost interval, 

see Appendix 5.8.4.4. 

 

 

 

 

 
Figure 5.39. The optimum bore-
hole depth as a function of 
borehole pipe cost. 
 

 

 

 

 

 

 

 
Figure 5.40. The optimum num-
ber of boreholes as a function 
of borehole pipe cost. 
 

 

5.8.5. Indoor Cost 
The indoor installation includes heat pumps, heat exchangers, 

water pumps, operation control system etc. Most of these are 

assigned fixed costs. The heat exchanger and heat pump costs are 

given fixed values, or else these costs are given per kW 

injection and extraction powers respectively. 

The extraction power is defined by the storage task, i.e. a 

fixed heat extraction power. The required heat injection power 
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is determined by the optimization. The required heat injection 

is the sum of extracted heat and the heat loss. The injection 

powers therefore vary little since they are a consequence of the 

differences in the heat loss of different designs. 

In this section the heat exchanger cost was varied from 0 to 0.5 

MSEK. The result of this optimization shows that no changes in 

the optimum design of the reference store are required. 

5.8.6. Administration and Design 
The administration and design cost is part of the total 

investment cost. The annual storage cost, which is minimized in 

the optimization, includes the administration and design cost. 

The optimum design, as a function of increased administration 

and design cost, should change towards a design with reduced 

construction cost, at the expense of an increased heat loss 

cost, see Figure 5.41. Fewer and deeper holes with increased 

borehole spacing are required, see Appendix 5.8.6. 

 

 

 

 

 

Figure 5.41. The annual heat 
loss as a function of adminis-
tration and design cost. 
 

 

5.8.7. Heat Cost 

5.8.7.1. Charged Heat 
The heat loss of the optimum design is reduced with increasing 

heat cost. This is achieved by improved heat transfer capacity 

which increases the annual temperature amplitude of the store. 

The optimum design, as a function of injection heat cost, varies 
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greatly. Figure 5.42 shows the optimum borehole spacing at a 

heat cost interval between 0 and 750 SEK/MWh.  

The borehole spacing varies from 5.06 m to 3.22 m, Figure 5.42, 

so a more efficient heat transfer is favoured with increasing 

heat cost. 

The borehole depth is reduced from 143 m to 107 over the same 

optimization interval, and for the same reason, see Figure 5.43. 

This results in an increased number of boreholes. Figure 5.44 

shows that the storage volume is decreased by almost 50% in 

order to reduce the heat losses with increasing heat cost.   

 

 

 

 

 

Figure 5.42. The optimum  
borehole spacing as a function 
of injection heat cost. 
 

 

 

 

 

 

 

 

 

Figure 5.43. The optimum  
borehole depth as a function 
of injection heat cost. 
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Figure 5.44. The optimum sto-
rage volume as a function of 
injection heat cost. 
 

 

The number of boreholes increases from 51 to 90 over the heat 

cost interval, see Appendix 5.8.7.1. The changes in borehole 

depth, number of boreholes and borehole spacing tend to produce 

a more compact and smaller storage volume, which in turn reduces 

the heat loss, see Figure 5.45. In extremely high heat cost 

situations (750 SEK/MWh), the annual heat loss cost is higher 

than the annual capital cost. The initial heating cost is also 

very high, almost 50% of the total construction cost. Figure 

5.46 shows the construction cost as a function of the heat loss 

cost. 

 

 

 

 

 

Figure 5.45. The optimum heat 
loss as a function of injec-
tion heat cost. 
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Figure 5.46. The optimum con-
struction cost as a function 
of injection heat cost. 
 

 

 

5.8.7.2. Recovered Heat 
The economic value of recovered heat is an important para-meter 

regarding the economy of the store. In the approach used in this 

study, which minimizes the annual storage cost, it is of no 

importance for the design of the store. There is however a 

quest-ion that could be raised about the value of recovered 

heat. Why is not the heat loss cost based on heat extraction 

value instead of heat injection cost?  

The reason is that, as along as the storage task is achieved, 

there is no further heat demand. Even if the heat loss could be 

further reduced, this extra heat has no economic value. So, the 

heat loss cost should be evaluated from the heat injection cost.  

 

5.8.7.3. Heat Loss Approximation 
The approximated character of the annual storage cost is due to 

the heat loss approximation, see Section 4.10.2.1.  
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The SmartStore optimization 

uses the steady-state heat 

loss. To obtain an estimate 

of the error of this 

approximation, the model 

was modified so that the 

optimization model used the 

transient heat loss. This 

optimization was made only 

for this study and this 

calculation. 

In this parameter study, 

the optimum design was 

similar to that suggested 

by results of the steady-

state optimization. The 

same general trend applied 

to all of the design 

parameters, with one excep-

tion, the heat loss cost. 

This is because the heat 

loss is underestimated in 

the SmartStore model. A 

larger heat loss, the 

change of the optimum 

design increases with increasing heat cost. Both optimizations 

are identical at a zero heat cost. With increasing heat cost 

there is a little difference in borehole spacing, storage volume 

and construction cost, Figure 5.47a-c. The borehole spacing 

increases from 0 to 1.8% within the heat cost interval of 0 to 

750 SEK/MWh. The correspond-ing storage volume and construction 

cost differences are 2.8% and 2.0% respectively. The heat loss 

is however much higher than in the steady-state solution. By 

minimizing the annual storage cost, the SmartStore model reduces 

 
Figure 5.47a. Comparison between 
transient and steady-state 
optimization. Optimum borehole 
spacing as a function of heat 
cost.  
 

 
 
Figure 5.47b. Comparison between 
transient and steady-state 
optimization. Optimum storage 
volume as a function of heat 

Figure 5.47c. Comparison between 
transient and steady-state opti-
mization. Optimum construction 
cost as a function of heat cost.  
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this heat loss and thus the heat loss cost. The shape of the 

storage volume is modified into a more compact storage volume, 

with a reduced heat loss. This results in an optimum design with 

47% more boreholes, than the steady-state solution. Since the 

storage volume and the borehole spacing are almost constant the 

drilling depth is decreased by 32%. The graphs of this transient 

heat loss optimization are given in Appendix 5.8.7.3. Each point 

in the graphs of Appendix 5.8.7.3 and Figure 5.47a-c requires 30 

h of computer time.   

This underlines the advantage of the SmartStore principle, which 

would be reduced if each optimization required 30 hours, 

compared to 20 seconds on a PC (IBM PS/2, 386-processor, 25 

MHz).   

A detailed simulation is performed in Section 6.1.5. The best 

simulation model for borehole heat stores, the DST model, is 

used to further show the differences between the approximation 

made in the SmartStore calculation and the "true" operation 

performed by the DST.  

5.8.8.  Operation 
The operation and maintenance cost is part of the annual storage 

cost, usually as a percentage of the construction cost. It 

therefore influences the optimization. It is expected that an 

in-creased operation cost reduces the optimum construction cost. 

In this optimization the annual operation cost is varied from 0 

to 10% of the construction cost. The result shows a slight 

change in the design, which then reduces the construction cost 

by about 2%, see Figure 5.48, at the expense of the heat loss, 

see Appendix 5.8.8. 

A better and more expensive construction could lead to a storage 

system with reduced costs of maintenance and operation. This is 

not analyzed in this study. 
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5.9. Discussion 
Though each parameter was studied separately, there is some-

thing to learn from each individual parameter analyzed. The 

actual value of the parameters used, i.e. costs, properties, 

etc., are not that important because they vary depending on both 

time and place. The resulting changes in design and construction 

cost, as an effect of the parameter variation, are, however, 

signifi-cant. The magnitude of these changes indicates the 

importance of each parameter. One general conclusion is that the 

trends of the different curves would also be valid if other data 

were used. This also enables a prediction of the future 

development in the design of borehole heat stores. 

The boreholes should be drilled with standard drilling 

equipment, in a hexagonal drilling pattern within a quadratic 

drilling area. This system is somewhat better than other 

solutions (Table 5.3). The U-pipe system, probably single, or 

the combined system should be used. Plastic pipes with better 

thermal conductivities would be desired, otherwise pipes of e.g. 

copper should be used.  

The thermal conductivity should be carefully determined by core 

drilling and laboratory tests. The sensitivity analysis shows 

that the uncertainty within the normal variation of the thermal 

conductivity is more expensive than the required tests (Figure 

5.9). 

The soil layer on top of the store is important for the thermal 

insulation (Figure 5.12). Soil drilling is, however, expensive 

and it was found that the optimum soil depth was approximately 2 

m (Figure 5.16). This indicates that the soil depth should be 

investigated by geo-radar or other methods. The soil drilling 

cost is balanced by the reduced heat loss cost, so if the 

injection heat was free of charge the optimum would be no soil 

layer at all. 

The annuity method (6%, 25 y) was used to distribute the total 

investment cost over the mortgage period. The interest rate is 
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important for the annual storage cost, i.e. the economy of the 

storage system, because the capital cost stands for a large part 

of the total cost. The interest rate also influences the design, 

so that the optimum construction cost decreases with increasing 

interest rate (Figure 5.26). In this situation the model favours 

increased heat loss (Figure 5.27) before an increased investment 

cost. In this way the annual storage cost is reduced. At zero 

heat cost the interest rate does not influence the optimum 

design. 

The construction cost of the optimum storage design varies 

linearly with the heat extraction capacity (Figure 5.19) of the 

store, but the specific construction cost (Figure 5.20-21) shows 

a typical decreasing cost curve.  

The borehole pipe cost and the rock drilling cost are factors 

that dominate the construction cost of the plant. The drilling 

cost is difficult to influence, but the cost of pipes could be 

strongly reduced by considering other pipe materials and 

dimensions (Table 5.1).  

The assumed sinusoidal injection water temperature amplitude 

requires that the annual mean temperature and the corresponding 

amplitude are given. This is a difficult task and may be the 

major disadvantage of this model. It is, however, possible to 

develop the model further for any water injection temperature. 

The injection heat cost greatly influences the design (Figures 

5.42-46) because it is part of the annual storage cost.  

The error of the steady-state approximation, 2% of the 

construction cost, is negligible compared to the uncertainty of 

other parameters (Section 4.10.2.1). Consequently the model is 

very applicable for pre-design optimization of borehole heat 

stores, which should always be performed before further work is 

done.   
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6. EVALUATION OF EXISTING PLANTS - DISCUSSION 
The optimization model was used to evaluate the design of three 

existing plants. These plants are located in Luleå, Upplands 

Väs-by and in Stocksundstorp, see Section 1.4. The actual 

technical, operation, climate and cost data of the plants were 

used. The actual designs of the existing plants were compared 

with the optimum designs given by the SmartStore model. 

6.1. The Luleå Store  

6.1.1. Actual Design (1982) 
The actual design of the Luleå borehole heat store is shown in 

Table 6.1. This table is part of the SmartStore optimization 

output list shown in Appendix 6.1.1.  

The optimization model was used to calculate the actual design 

by defining a narrow optimization interval (borehole spacing and 

borehole depth) corresponding to actual data. The optimization 

presumptions and cost data are given in Appendix 6.1.1.  

In this optimization the maximum borehole depth was 60 m and the 

spacing interval 3 to 5 m. The result of the optimization 

indicates a borehole depth of 60 m and a borehole spacing of 4 

m. The optimum borehole spacing of 4 m is equal to that of the 

Luleå store. Assuming that it was not possible to drill deeper 

holes than 60 m, the actual design is the optimum design. 

the drilling equipment used was however ordinary well drilling 

equipment, suitable for drilling depths down to 150 m. It would 

have been possible to drill deeper holes, but at the time this 

was not considered for the Luleå store.  

The design of the Luleå store was already decided when the pre-

simulations, conducted by Eskilson and Hellström (1983), 

confirm-ed the feasibility of the suggested design. The pre-

design was included in the pilot plant project, see Section 3.1. 

The unit-costs, see Appendix 6.1.1, were based on verified costs 

provided by the turn-key contractor of the project. The unit-
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costs used were based on the different verified costs of the 

project and the optimization agreed with the total construction 

cost. 

 
Table 6.1. Storage Data, Luleå. Actual Design (1982) 

 Drilling Pattern               Quadratic 
 Borehole Installation        Single Pipe 
 Borehole Diameter                  0.152 m 
 Borehole Spacing                    4.00 m 
 Borehole Depth                     60.00 m 
 No. Boreholes                        120 
 Storage Land Area                   2489 m2 
 Storage Volume                    115557 m3 
 Injected heat                       2665 MWh 
 Heat loss                           1065 MWh 
 Recovery factor                     60.0 %  
  
 Maximum Injection Power              876 kW 
 Maximum Extraction Power             633 kW 
 Storage Mean Temperature            52.5  
 Vol. Heat Transfer Capacity        0.414 W/(m3,K) 
 Total Heat Transfer Capacity      47.809 kW/K 
 
Sub-Totals of Construction Costs    [kSEK] 
 Land Cost                            448 
 Drilling Cost                       1565 
 Piping Cost                         1438 
 Indoor Cost                         1255 
 Administration Cost                 1600 
 TOTAL CONSTRUCTION COST             6305 
 Initial Heating Cost                 178 
 TOTAL INVESTMENT COST               6483 

 

The given unit-costs were however uncertain. The reason is that 

the contractor divided up the construction cost depending on the 

tasks of different sub-contractors of the project. These are not 

equal to the used sub-constructions i.e. sub-costs.  

Figures 6.1a-c, show the optimum design of the existing store as 

functions of the thermal conductivity of the rock, which il-

lustrate the sensitivity of the calculation. The borehole depth 

is fixed to 60 m. The calculated construction cost (Figure 

6.1a), borehole spacing (Figure 6.1b) and number of boreholes 

(Figure 6.1c) should be compared with Table 6.1. 



 
 173 

The construction cost varies 

from 6.77 MSEK to 6.02 MSEK 

within the rock thermal con-

ductivity interval of 2.5 to 

4.5 W/m,K, see Figures 6.1a-

6.1c.  

The construction cost is 

mainly a function of the 

number of boreholes. In this 

thermal conductivity interval 

the number of boreholes 

decreases from 140 to 108. 

The borehole spacing varies 

from 3.69 m to 4.26 m. 

If the type of bedrock is 

determined from geological 

maps, the thermal conductiv-

ity of the rock can be 

estimated to within ap-

proximately ± 0.5 W/m,K. 

Figure 6.1a shows that the 

construction cost difference 

in this thermal conductivity 

interval motivates the more 

precise thermal conductivity 

values obtained by core 

drilling and laboratory 

tests, see also Section 5.5. 

6.1.2. Actual Design, 
Optimized Depth  
Simply by changing the 

borehole depth of the Luleå 

store, the construction cost 

Figure 6.1a. Optimum 
construction cost as a function 
of rock thermal conductivity in 
the existing Luleå store.  
 

 
Figure 6.1b. Optimum borehole 
spacing as a function of rock 
thermal conductivity in the 
existing Luleå store.  

Figure 6.1c. Optimum number of 
boreholes as a function of rock 
thermal conductivity in the 
existing Luleå store.  
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and the design of the store changes considerably, see Table 6.2. 

In this optimization the borehole depth interval is chosen to be 

in the range 50-200 m and the borehole spacing is fixed at 4 m. 

Other input data are identical to those used in the optimization 

of the Luleå store, see Appendix 6.1.1. It can be seen by 

columns 2-3 of Table 6.2 that the borehole depth increases from 

60.0 m to 130.4 m and that the number of boreholes is reduced 

from 120 to 55. The volume is somewhat reduced, which results in 

a decreased heat injection requirement. The construction cost is 

reduced from 6.31 to 5.60 MSEK. This cost reduction is a result 

of deeper boreholes, only. The output list from this 

optimization is shown in Appendix 6.1.2.  

6.1.3. Optimized Design of Actual Store  
By retaining a free choice of borehole depth and spacing, the 

optimum design of the existing store is found, see Optimum 

Design in Table 6.2.  

Here, the number of holes is further reduced. The borehole 

spacing is increased to 4.26 m and the borehole depth is 

slightly increased. This results in a storage volume increase of 

about 10%. The total construction cost is reduced to 5.56 MSEK. 

With hindsight it is clear that this design should have been 

chosen for the Luleå heat store in 1982. This design achieve an 

identical storage task with identical unit-costs. The construc-

tion cost of this design is 12% lower than that of the existing 

Luleå borehole heat store. The output list from this 

optimization is shown in Appendix 6.1.3. 

6.1.4. The Reference Store (State-of-the-Art Design, 
1991) 

The design of the Luleå store had it been constructed today, 

would be considerably different from that of the existing store.  

The state-of-the-art design, i.e. the optimum design of the 

refe-rence store is shown in Table 6.3. The changes, from the 



 
 175 

existing Luleå store, are based on experience gained during the 

operation and construction work of the Luleå heat store and 

other borehole heat stores. The state-of-the-art optimization 

presumptions and unit-costs are given in Appendix 6.1.4. The 

differences between the existing design and the reference design 

can be seen by com-paring Appendices 6.1.1 and 6.1.4.  

 
Table 6.2. Storage Data 
Actual and Optimized Designs, the Existing Luleå Store  
                                   Exist.   Depth    Optimum 
                                   Store    Optim.   Design    
Borehole Spacing (m)               4.00     4.00     4.26 
 Borehole Depth (m)                60.00   130.39   133.26 
 No. Boreholes                       120       55       52 
 Storage Land Area (m2)             2489     1269     1330 
 Storage Volume (m3)              115557   114394   125801 
 Injected heat (MWh)                2665     2621     2652 
 Heat loss (MWh)                    1065     1021     1052 
 Recovery factor (%)                60.0     61.0     60.3 
                                           
 Maximum Injection Power (kW)        876      864      873 
 Maximum Extraction Power (kW)       633      631      633 
 Storage Mean Temperature ( )      52.5     52.5     52.3  
 Vol. Heat Transf. Cap. (W/(m3,K)) 0.414    0.414    0.357 
 Total Heat Transf. Cap.(kW/K)    47.809   47.328   44.955  
                                            
Sub-Totals of Construction Costs   [kSEK]   [kSEK]   [kSEK]    
 Land Cost                           448      228      239 
 Drilling Cost                      1565     1553     1513 
 Piping Cost                        1438     1145     1139 
 Indoor Cost                        1255     1255     1255 
 Administration Cost                1600     1422     1410 
 TOTAL CONSTRUCTION COST            6305     5604     5556 
 Initial Heating Cost                178      177      193 
 TOTAL INVESTMENT COST              6483     5781     5749 

 

The storage task is identical to that of the Luleå store. The 

storage land area is square and the drilling pattern is hexa-

gonal, see Figure 5.1. A single pipe design is used, but the 

system is not open. A thin rubber liner (1 mm) is installed in 

the borehole to obtain a water tight circulation system. The 

borehole diameter is reduced from 152 mm to 115 mm. No heat 

pumps are installed. 

Site characteristics such as thermal conductivities etc., are 

identical since the store is assumed to be constructed at the 
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same location as the existing store. One exception is however 

that the soil surface layer (0.5 m) is stripped off and used for 

refilling purposes. This refilling using soil is done after the 

pipe system has been installed.  

These changes also alter the unit-costs used in the 

optimization, see Appendix 6.1.4. The land area cost per m2 is 

reduced, mainly because of the reduced amount of filling 

material. The storage land area is also smaller for this store, 

so there are fewer and deeper boreholes. 

The soil drilling cost is reduced, because the soil depth is 

changed from 3.5 to 3 m. The soil and rock drilling costs used 

are quoted by drilling companies. The rock drilling cost is 

probably somewhat too high for this drilling work. This cost 

varies over the year depending on the drilling market. The soil 

liner cost is given separately. A new cost is added for the rock 

liner, which is verified by results from the Stocksundstorp 

store.   

The design of the pipe system is greatly changed compared with 

the Luleå store. The collecting pipes are replaced by a collec-

tion/distribution tank at which point all the connecting pipes 

start and end. Valves are installed in the tank so that any line 

could be shut off. The culvert pipe system has not been changed. 

The indoor installation cost has been strongly reduced since 

heat pumps are not used.  

The project administration and design cost was high in the Luleå 

store, because this plant was the first large-scale bore-hole 

heat store ever built. This turn-key project included detailed 

design and experimental work. The administration and design cost 

was assumed to be 10% of the construction cost in this state-of-

the-art optimization. 

The injection and extraction heat costs used are actual costs 

from the city of Piteå, i.e. a mean of 80 SEK/MWh during the 

summer and 370 SEK/MWh during the winter, where industrial 

surplus heat is used as a heat source for the district heating 
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net. The maintenance and operation costs are assigned the same 

values as in the existing store. 

 

Table 6.3. Optimum Design of the Reference Store (State-of  
           the-Art, 1991) and the Existing Luleå Heat Store. 
 
Calculated Design Data          Reference      The Luleå 
                               Heat Store     Heat Store 
Borehole Spacing                   4.38 m          4.0 m 
Borehole Depth                   127.34 m           60 m 
No. Boreholes                        60            120    
Storage Land Area                  1291 m2        2489 m2 
Storage Volume                   126091 m3      115557 m3 
Injected heat                      2663 MWh       2665 MWh 
Heat loss                          1063 MWh       1065 MWh 
Recovery factor                    60.1 %         60.0 %   
 
SUB-TOTALS OF CONSTRUCTION COST   [kSEK]         [kSEK] 
Land Cost                           155            448 
Drilling Cost                      1684           1565 
Piping Cost                         863           1438 
Indoor Cost                         731           1255 
Administration Cost                 343           1600 
TOTAL CONSTRUCTION COST            3776           6306 
Initial Heating Cost                310            178 
TOTAL INVESTMENT COST              4086           6484 
 
CALCULATED STORAGE DATA 
Maximum Injection Power             876 kW         876 kW 
Maximum Extraction Power            633 kW         633 kW 
Storage Mean Temperature           52.3         52.5   
Vol. Heat Transfer Capacity       0.357 W/m3,K   0.414 W/m3,K 
Total Heat Transfer Capacity     45.072 kW/K    47.809 W/K  

 

The optimum data of this state-of-the-art design are not very 

different from the optimized Luleå store of 1982, see Table 6.2.  

The borehole spacing of 4.38 m for this hexagonal drilling pat-

tern is denser than the quadratic drilling pattern of the 

optimized Luleå store, which has a borehole spacing of 4.26 m. 

The volumes of the stores are approximately equal, but the 

reference store contains 52 boreholes compared with 60 holes. 

The construction cost reduction is remarkable. The construction 

cost is 40% lower than that of the existing store and 32% lower 

than the optimized existing Luleå store. About 10% of this cost 
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reduction is because the heat pumps are not used. Further 

savings, from reduced design costs, resulted from increased 

engineering knowledge. If inflation is considered, the cost 

reduction is even greater. Assuming an average inflation of 5% 

during the last ten years, the cost reduction is 63%, compared 

with the existing Luleå store and 58% compared with the 

optimized Luleå store. 

6.1.5. Transient Simulation 
  The best model available for borehole heat store simulation is 

the DST model, the Duct Ground Heat Storage Model (Hellström, 

1989b). This model has 

been used to simulate 

most of the existing 

ground heat stores 

throughout the world. 

  In the DST model the 

basic assumptions are 

the same, see Section 

2.10, i.e. constant 

thermal properties of 

the ground are used and 

the heat transport in 

the ground is a result 

of heat conduction only. The steady-flux solution is not used 

but the three-dimensional heat trans-port inside and outside the 

store is calculated by solving the heat equation, eq.(2.1) by a 

Finite Difference Method. Any storage task can be defined. 

Figure 6.2. The presumed injection 
water temperature during the years of 
operation. 
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The reference store was 

simulated by the DST 

model to indicate the 

thermal behaviour of the 

store with its sinusoidal 

operation cycles. The 

result of this simulation 

also simplify a 

comparison between the 

transient DST results and 

the approximate steady-

state SmartStore sol-

ution. The operation is 

defined by the constant 

water flow rate and its 

sinusoidal temperature 

over the year, see Figure 

6.2.  

The leaving temperature, 

which is a result of the 

DST simulation, varies 

during the years of 

operation. 

The lowest leaving 

temperature occurs during 

the first year of 

operation, and is annually increased towards steady-state con-

ditions. As early as the 5th year, the temperature is close to a 

steady-state situation, see Figure 6.3. 

The storage mean temperature follows a similar pattern, starting 

with a lower temperature and ending with a value close to 

steady-state conditions. There is a small difference between the 

temperatures of the 5th and 25th year of operation, Appendix 

6.1.5. 

Figure 6.3. The calculated leaving 
water temperature during some years 
of operation. 
 

 
Figure 6.3. The Injection/leaving 
water temperature during the 25th of 
operation. 
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Figure 6.4 shows the 

temperature of the 

injected and leaving 

water during the 25th 

year of operation. 

Heat is charged when 

the leaving tempera-

ture is lower than 

the injected. 

As seen from Figure 

6.4, the charging 

period is not in 

phase with the 

temperature curve of 

the injection water. 

This is a result of 

the sinusoidal inj-

ection water tempera-

ture, see Appendix 

6.1.5. During part of 

time when the injec-

tion water tem-

perature is above its 

mean value, heat is 

therefore extracted 

from the store. Part 

of the time when the water injection temperature is lower than 

its mean value, heat is also charged. 

The slowly increasing storage and leaving water temperatures 

indicate varying quantities of heat injection and extraction 

during the years of operation. The annual heat extraction rate 

is shown in Figure 6.5. The difference between the transient and 

the steady-state solutions, the error of the heat loss approxi-

mation in the SmartStore model, is reduced with time. This appr-

 
Figure 6.5. Calculated annual heat 
extraction and the steady-state heat 
extraction assumed by SmartStore. 
 

 
Figure 6.6. Calculated heat injection 
(DST=transient; SmartStore = steady-
state.  
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oximation is described in Section 5.8.7.3. 

The transient and steady-state heat injections are shown in 

Figure 6.6. Here the transient heat injection is higher than the 

assumed steady-state heat injection during the first years of 

operation. After a few years, the transient heat injection is 

lower than that of the steady-state situation. This should not 

be the case, since the transient value should reach the steady-

state value asymptotically with time. The reason for this error 

is that the surface 

temperature of the 

store, from which 

the steady-state 

heat loss is 

calculated, is 

somewhat to high.    

The injection/extra-

ction powers of the 

1st, 5th and 25th 

year of operation 

are given in Figure 

6.7. As early as the 

5th year of oper-

ation, the injection 

and extraction 

powers are close to 

steady-state conditions. This is also underlined by the leaving 

water temperature and the storage mean temperature, see Appendix 

6.1.5. The heat powers, during both injection and extraction, 

are underestimated in the steady-state Smart-Store calculation. 

6.2. The Stocksundstorp Store  

6.2.1. Actual Design (1991) 
The data of actual design of the Stocksundstorp store are shown 

 
Figure 6.7. Calculated heat injection 
/extraction power during three different 
years of operation. Transient (DST) and 
Steady-state (SmartStore) 
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in Table 6.4. The main differences between this store and others  

are that a new type of borehole installation and that heat pumps 

are not used. The borehole installation consists of a thin water 

tight rubber lining, at the wall of the borehole, in which a 

single pipe system is installed. This results in a low thermal 

resistance. It has been a lot of problems with the liner 

installation, which damaged the liner, resulting in leakage of 

water. At the end of the summer 1993, these leakage problems 

were still not solved and thus, the system is still not in 

operation. 

Table 6.4 is part of a SmartStore optimization output list shown 

in Appendix 6.2.1, in which the corresponding optimization 

presumptions and cost data are also indicated. 

In this calculation, the borehole depth interval is maximized to 

120 m and the spacing interval is 1 m to 3.6 m. With these 

assumptions, the optimum design calculation implies a borehole 

depth of 120 m and a borehole spacing of 3.6 m, which is equal 

to that of existing store. The used cost-functions, see Appendix 

6.2.1, are the verified costs as given by the project group.  

6.2.2. Optimized Design  
The optimum borehole spacing with all other assumptions main-

tained, see Appendix 6.2.2, was found to be 4.25 m instead of 

the existing 3.6 m. The number of boreholes changed from 96 to 

86 and the storage volume increase was approximately 25%. The 

increased volume of the store also resulted in an increased 

initial heating demand. The corresponding cost reduction was 

about 5%, see column 3 of Table 6.4. 
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Table 6.4. Storage Data, Stocksundstorp 
Existing and Optimized Designs, Optimum Design  
                                Existing Optimized  Optimum 
                                   Store   Spacing   Design 
 Borehole Spacing (m)               3.60      4.25     4.30 
 Borehole Depth (m)               120.00    120.00   150.00 
 No. Boreholes                        96        86       67 
 Storage Land Area (m2)             1280      1622     1359 
 Storage Volume (m3)              129174    160540   160230    
Injected heat (MWh)                3347      3405     3309 
 Heat loss (MWh)                    1347      1405     1309 
 Recovery factor (%)                59.7      58.7     60.4 
                                  
 Maximum Injection Power (kW)       1100      1116     1090 
 Maximum Extraction Power (kW)       793       795      791 
 Storage Mean Temperature ( )      45.2      44.7     44.8 
 Vol. Heat Transf. Cap. (W/(m3,K)) 0.517     0.355    0.346 
 Total Heat Transf. Cap. (kW/K)   66.785    57.056   55.465 
                                               
Sub-Totals of Construction Costs   [kSEK]    [kSEK]   [kSEK] 
 Land Cost                           311       368      324 
 Drilling Cost                      2206      1967     1930 
 Piping Cost                         767       711      650 
 Indoor Cost                        1900      1900     1900 
 Administration Cost                 467       445      432 
 TOTAL CONSTRUCTION COST            5651      5391     5236 
 Initial Heating Cost                244       299      299 
 TOTAL INVESTMENT COST              5895      5690     5536 

 

By optimizing the borehole spacing and the borehole depth of the 

existing store, the construction cost and the design of the 

store change considerably. In this optimization the borehole 

depth interval is chosen to be in the range 50-150 m and the 

borehole spacing between 3 and 5 m. Other input data are 

identical to that of the existing store, see Appendix 6.2.2. 

This optimum design is shown in column 3 of Table 6.4. 

The borehole depth increases from 120.0 m to 150.0 m and the 

number of boreholes is reduced from 96 to 67. The storage volume 

is about 25% larger, which results in an increased heat 

injection requirement. The construction cost is reduced from 

5.65 to 5.24 MSEK. This cost reduction is mainly a result of 

fewer holes. The drilling cost used is low and probably not 

appropriate for drill-ing depths down to 150 m. This verified 
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drilling cost function is however kept in this optimization to 

simplify a comparison bet-ween existing and optimized design. 

The output list from this SmartStore optimization is given in 

Appendix 6.2.3.  

6.3. The Upplands Väsby Store 

6.3.1. Actual Design (1988) 
The design parameters of the Upplands Väsby store are shown in 

Table 6.5. This is a heat/cold storage system, which heat 

injection is a result of the cooling of the building, which is 

heated by the storage system during the winter. The cooling 

capacity of the store is thus equal to injected energy. 

Table 6.5 is part of a the optimization output shown in Appendix 

6.3.1, in which the corresponding optimization presumptions  and 

cost data are also indicated. The cost-functions used are the 

verified costs as given by the project group.  

In this calculation, the borehole depth interval is maximized to 

110 m and the borehole spacing interval is 4 - 4.5 m. The 

optimum design implies a borehole depth of 110 m and a borehole 

spacing of 4.0 m, equivalent to that of the existing store. The 

extraction data given however refer to a 1200 MWh store rather 

than 1500 MWh, a value given by the engineering consultant 

company, ScandEnergy AB. This difference between the two 

calculation models used, could have resulted from different 

thermal resistances in the boreholes. In the ScandEnergy model, 

an empirically derived value of the thermal resistance is used. 

In the SmartStore model, the thermal resistance is calculated 

from flow data and thermal properties of the fluid and the pipe 

system. No data are available to verify the amount of extraction 

heat because of problems involved with the energy measurements. 
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Table 6.5. Storage Data, The Upplands Väsby Store 
Existing and Optimized Designs  
                                Existing  Optimum 
                                1200 MWh 1200 MWh 
                                   Store   Design 
 Borehole Spacing (m)               4.00     3.78 
 Borehole Depth (m)               110.00   150.00 
 No. Boreholes                        64       48 
 Storage Land Area (m2)              788      502 
 Storage Volume (m3)              113201   102747 
 Injected heat (MWh)                1596     1596 
 Heat loss (MWh)                     396      396 
 Recovery factor (%)                75.2     75.2 
                                  
 Maximum Injection Power (kW)        545      544 
 Maximum Extraction Power (kW)       454      454 
 Storage Mean Temperature ( )      25.9     26.0 
 Vol. Heat Transf. Cap. (W/(m3,K)) 0.191    0.217 
 Total Heat Transf. Cap. (kW/K)   21.665   22.260 
                                               
Sub-Totals of Construction Costs   [kSEK]  [kSEK] 
 Land Cost                           600     600 
 Drilling Cost                      1483    1454 
 Piping Cost                         301     250 
 Indoor Cost                         750     750 
 Administration Cost                 313     305 
 TOTAL CONSTRUCTION COST            3448    3359 
 Initial Heating Cost                134     122 
 TOTAL INVESTMENT COST              3582    3481 

6.3.2. Optimized Design 
The optimum borehole spacing with all other assumptions main-

tained, see Appendix 6.3.2, was found to be 3.78 m instead of 

the existing 4.0 m. The number of boreholes was changed from 64 

to 48 and the storage volume decrease was approximately 10%. The 

decreased volume of the store did not change the initial heating 

demand. The corresponding cost reduction was approximately 4%, 

see column 2 of Table 6.5. 
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6.4. Conclusions 
It is obvious and promising that more recently constructed 

plants differ less from the optimum design than the oldest 

plant, in Luleå. This is hopefully a result of the increased 

engineering experience, which influences the store towards the 

optimum design. Figure 6.8 shows the relative cost reduction 

between actual designs and the optimized design for the three 

heat stores. The stores in Luleå, Stocksundstorp and Upplands 

Väsby are of different heat extraction capacity, 1600 MWh; 2000 

 
Figure 6.8. Construction costs of actual and optimized stores.  

 
Figure 6.9. The specific construction cost of the actual and 
optimized design of the three stores.   
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MWh and 1200 MWh respectively. The different size of the stores 

influences the construction cost reduction, because larger 

stores are better able to decrease the heat loss cost. 

The importance of the storage capacities is apparent in Figure 

6.9, in which the specific construction cost (construction 

cost/heat extraction capacity) of the three stores are compared. 

The cost re-duction bars are approximately equal to those shown 

in Figure 6.8, but the specific cost of the Upplands Väsby store 

was slightly higher than that of Stocksundstorp.   Though the 

cost difference between the optimum design and actual design was 

small in the most recent constructed heat store, more can be 

done to further reduce the construction cost. The cost 

reductions shown in Figures 6.8-6.9, result only from varying 

the number of boreholes and borehole spacing. Consequently, the 

detailed designs of the stores are not changed. By using 

optimization models, e.g. the SmartStore model, it would be 

possible to evaluate the economic value of e.g. new pipe 

materials, other pipe installations, etc. Even if they are more 

expensive, the total annual storage cost could be reduced 

because of increased heat transfer qualities.  
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7. CONCLUSIONS AND FUTURE WORK 

7.1. General 
It was found reasonable to assume that the thermal properties of 

the ground can be represented by constant values and that the 

heat transport in the storage region is a result of heat 

conduction only.  

The first theoretical study of the borehole heat store indicated 

that it was possible to charge, store and recover heat in large-

scale seasonal heat stores.  

Performed measurements in the pilot plant verified the 

theoretical calculations, which predicted the thermal behaviour 

of the store. In this small-scale experiment it was not possible 

to evaluate the large-scale construction work of borehole heat 

stores, so large-scale investigation became necessary.  

A pre-design of a large-scale heat store, within the University 

area, was performed. After assuming the operation cycle and the 

properties of the store, the thermal behaviour of the Luleå heat 

store was simulated. So, the operation was simulated and the 

temperature distribution in the ground, heat loss, etc. were 

analyzed, before the large-scale store was constructed. 

The construction work of the large-scale borehole heat store 

(120,000 m3) was studied in detail and the performance was evalu-

ated during the first five years of operation. The evaluation 

demonstrated clearly how important it is to consider costs 

already in the pre-design stage of a storage project, to find 

more cost-efficient solutions.  

The optimum design was defined as the design that achieves the 

storage task with a minimum annual storage cost, and an 

optimization model was developed to determine the optimum design 

of borehole heat stores. 

The parameter analysis showed that the cost of different parts 

of the heat store greatly influenced the technical design of the 

store. A general conclusion is that cost reduction of some sub-
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construction results in a total cost reduction, which is greater 

than, or equal to the cost reduction of the sub-construction. 

The optimization model gives a fast pre-design of borehole heat 

stores. The reason for this type of model is that energy 

companies need an easy-to-use, quick and reliable design tool to 

estimate the applicability of the borehole heat store to a 

specific energy problem. In this way the borehole heat store 

will be an option that is considered more often. A user´s manual 

of the model will complete this project at a later date. 

7.2. Experience of Existing Plants 
  The aim of the experimental borehole heat store in Luleå was 

to gain experience of the design, construction and operation of 

the heat store. The evaluation showed: 

 Several short-comings in design, construction and operation 

because cost was not considered in the pre-design. 

 It would have been possible to build the heat store with an   

identical storage task at a cost of 4.5 instead of 6.3 MSEK. 

 Problems occurred with the operation and maintenance of the  

heat pumps. 

 The borehole thermal resistance was unexpectedly high. By 

centring the borehole pipes and increasing the water flow rate 

through the boreholes, charged energy would have increased by 

30% and recovered energy by about 51%. 

 Based on the experience of five years of operation, the design 

of the Luleå store (120 boreholes, 60 m depth, 4.0 m spacing)    

would be quite different today despite an identical storage 

task. The detailed design would also be changed. 

 The total cost of construction could have been reduced by 13%  

(in 1982) simply by increasing the borehole depth. 

 Better design of the above-ground pipes system would further  

decrease the construction cost.  
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The optimum and actual designs of the three stores in Luleå, 

Stocksundstorp and Upplands Väsby were evaluated and compared. 

The more recently constructed plants differed less from the 

optimum design than the oldest plant, situated in Luleå. The 

main reason was the increasing engineering experience, which 

influenced the design of the later stores.  

  Though the cost difference between the optimum design and 

actual design is small, in the more recently constructed heat 

stores, more can be done to further reduce the construction 

cost. The optimum design was determined simply by varying the 

number of boreholes and borehole spacing, i.e. the detailed 

design of the stores was not changed. By using design 

optimization models, e.g. SmartStore, it would be possible to 

evaluate the economic value of, e.g., new pipe materials, pipe 

installations, etc. Even if they are more expensive, the total 

annual storage cost could be reduced because of increased heat 

transfer qualities.  

7.3. Parameter Analysis 
The parameter analysis has shown that it is important to con-

sider different sub-costs prior to deciding on the technical 

design of borehole heat stores. This is a general conclusion 

that should be relevant also in other new types of 

constructions.  

The drilling and pipe costs, which stand for half of the 

construction cost, clearly influence the design of the store. 

The interest rate of the investment influences the design 

slightly. In fact, the optimum construction cost decreases with 

increasing interest rate, because the model favours increased 

heat loss before an increased investment cost. In this way the 

annual storage cost is reduced. At zero heat cost the interest 

rate does not influence the optimum design. 

Though each parameter was studied separately, there is some-

thing to learn from each individual parameter analyzed. The 
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actual value of the parameters used, i.e. costs, properties, 

etc., are not that important because they vary depending on both 

time and place. The resulting changes in design and construction 

cost, as an effect of the parameter variation, are however 

significant. The magnitude of these changes indicates the 

importance of each parameter. One general conclusion is that the 

trends of the different curves would also be valid if other data 

were used.  

Geological pre-investigations such as core drilling and 

laboratory tests to determine the thermal conductivity of the 

storage volume are cost-effective. From geological maps the 

thermal conductivity can be estimated to within ±0.5 W/m,K. 

Within this accuracy interval, the construction cost varies more 

than the cost of determining the thermal conductivity of the 

storage volume, by laboratory tests of core samples. The thermal 

conductivity is determined within ±0.1 W/m,K (±2.5%) in such 

tests.  

The thermal capacity of the storage volume is not a very 

important design parameter. Alternatively if this parameter is 

easily obtained from the rock core samples, then its 

determination is worthwhile. 

It is most important to determine the soil depth over the 

presumed storage area. This depth often varies by several meters 

within small areas. An accurate investigation of the soil depth, 

e.g. by geo-radar or seismic profiling, makes it possible to 

build the store at the best available location. The construction 

cost (soil drilling cost) could then be greatly reduced. 

The optimum design, as a function of the heat extraction 

capacity of the store, has some interesting aspects. The linear 

cost increase with increasing capacity is usually described by a 

declining curve. The specific construction cost curve shows, 

however, a typical non-linear relationship and is reduced by 

half within the heat extraction range of 1 to 6.4 GWh. This cost 

of about 1.5-2.0 SEK/kWh is, however, higher than that usually 
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found in the literature (Lundin, 1985). 

Expensive land areas tend to reduce the optimum storage land 

area. It would be favourable to find solutions where the storage 

land area could be used for other purposes, e.g. car parks, etc.  

The main approximation made in the SmartStore model, the steady-

state representation of the heat loss, gives a small error in 

the optimum design. The error is caused by the underestimated 

heat loss. This error, which is a function of the heat cost, is 

zero at zero heat cost and increases to about 2% for extremely 

high heat costs.  

 The SmartStore model is applicable for pre-design optimization 

of borehole heat stores. 

 Pre-design optimization should always be performed. 

 

If standard values are used for the thermal conductivity, then, 

the required borehole depth varies by approximately 15% and the 

required number of boreholes varies by approximately 10% within 

the normal variation of the thermal conductivity. 

 The thermal conductivity should be determined by core drilling 

and laboratory tests. The sensitivity analysis shows that the 

uncertainty within the normal variation of the thermal 

conductivity is more expensive than the required tests. 

 The soil layer on top of the store is important for the 

thermal insulation. Soil drilling is, however, expensive and 

it was found that the optimum soil depth was approximately 2 

m.  

 The soil depth should be carefully determined by geo-radar or 

other geophysical methods.  

 The boreholes should be drilled with standard drilling 

equipment, in a hexagonal drilling pattern within a quadratic 

drilling area. 

 The U-pipe system, probably single, should be used. Plastic  

pipes with better thermal conductivities would be desired, 
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otherwise pipes of, e.g., copper could be used.  

 The construction cost of the optimum storage design increases 

linearly with the heat extraction capacity of the store. 

 The specific construction cost, which decreases with 

increasing    extraction capacity, was about 1.50 SEK/KWh at a 

capacity of 7 GWh. 

 The volumetric construction cost was about 20 SEK/m3 at a 

capacity of 7 GWh. 

 The construction cost can be reduced by up to 10% by 

considering different pipe materials and pipe dimensions of 

the borehole installations. 

 The construction cost of the reference store is 40% lower than 

that of the existing Luleå store.  

 The injection heat cost greatly influences the design. The 

optimum construction cost increases linearly up to 20% in the 

heat cost interval between 0 and 750 SEK. 

 This study also enables a prediction of the future development 

in the design of borehole heat stores. 

 The interest rate is very important for the annual storage 

cost, i.e. the economy of the storage system. 

7.4. Future Development 
The most important heat storage application to be developed is a 

simple solar-heated storage system for space heating 

applications, without heat pumps and preferably without heat 

exchangers. This system should be suitable for about 50 one-

family-houses. It should include a high-temperature store (70-

90 ) that supplies heat to a low-temperature heating system (22-

30 ), probably consisting of pipes in the floors directly 

connected to the heat store. There are currently no such 

systems. There are, however, low-temperature storage systems 

(20-50 ) for low-temperature heating applications (22-30 ), 

e.g. the SunStore system and a new concept suggested by KM 
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Consulting Company. These systems cannot compete with 

conventional heating systems. 

If the borehole heat store is used for solar energy 

applications, the store must be connected to some sort of short-

term store. The reason for this is the difficulty of varying the 

injection and extraction powers of the borehole heat store. A 

solar-heated store must be charged during both night and day to 

be cost-effective and thus requires a short-term store. 

Such work is in progress within the Swedish-Finnish bilateral 

collaboration project on thermal energy storage, where a 

combined rock cavern and borehole heat store (the Combi Store) 

is being studied (Nordell et.al. 1994).  

The most desirable technical development of the store would be 

one which considered its most expensive sub-costs, i.e. drilling 

and piping.  

For many years, drilling companies have discussed top-hammer 

instead of down-the-hole hammer drilling. The top-hammer 

technique has been used for many years in mining activities. It 

was expected to halve the well drilling cost, equivalent to the 

rock drilling cost of borehole heat stores. This technique is 

currently not available for well drilling and technical 

development should be encouraged.  

Another development that is in progress is the G-drill, which 

was presented in recent years by LKAB, Kiruna. The G-drill 

equipment is powered by water pressure instead of compressed 

air. In the Kiruna mine it proved to have several advantages, 

e.g. increased drilling velocity. This technique is currently 

not available for well drilling, i.e. drilling for borehole heat 

stores. 

Another way of reducing the drilling cost would be to have 

drilling rigs which were designed specifically for heat store 

drilling. Several years ago Atlas Copco suggested that one 

drilling rig could carry more than one set of drilling 

equipment. This system should be tested in future stores. 
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Plastic pipes for high-temperature applications are expensive, 

so copper pipes were suggested by Hellström (1992). Copper pipes 

are expensive too, but have major advantages; the very low ther-

mal conductivity and their resistance to corrosion. The heat 

exchangers between the heated building and the store would not 

be necessary. In addition to this cost reduction the temperature 

loss in the heat exchanger is avoided, which improves the 

capacity of the store. This cost reduction pays most of the cost 

of the borehole installation.    

7.5. Continued Work 
For many reasons, it is difficult to implement new technologies 

such as seasonal heat storage systems, because they influence 

the existing infrastructure. Such technologies must prove to be: 

 generally applicable 

 reliable 

 less expensive than conventional technology  

 

Though borehole heat stores could be a reliable power and energy 

saving part of the heating system in many Swedish communities, 

their economics and the difficulties of estimating their 

economics restrict a more widespread use of the technology. This 

type of storage system still requires favourable conditions but 

there are several suitable locations.  

To implement a more general use of seasonal heat stores, more 

cost-effective systems are required. This was the general aim of 

this study, which therefore included cost in the design 

optimization model. 

The idea of this pre-design model is that it simplifies the 

design work and consequently speeds up a more general 

application of borehole heat stores. The optimization model will 

be distributed during 1994.  

There are some limitations of the model that should be avoided 

in future versions. 
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 The steady-state heat loss used in the optimization model 

should be replaced by pre-calculated dimensionless transient 

heat loss values. This heat loss calculation will be almost as 

fast as the present steady-state heat loss calculation.  

 The optimization model should be changed so that any type of 

operation cycle could be assumed. Though the operation cycle 

is simplified by a sinusoidal injection water temperature and 

the heat extraction rate, the use of this operation cycle 

gives results that are in agreement with measured data 

(Section 6). The injection water mean temperature and 

corresponding amplitude are, however, difficult to quantify 

accurately. The model should therefore be modified, so that 

the water injection temperature could be given realistic 

values, e.g. the mean temperature of injection water during 

charging periods, and the mean extraction temperature when 

recovering the heat. 

 

A valuable further development would be to include the hydraulic 

resistance of the water flow through the pipe system, i.e. to 

include the pumping cost as part of the operational cost.  

The optimization model does not consider whether the holes are 

connected in series or whether all the holes are in parallel. 

Future versions of the SmartStore model should suggest the 

arrangement of the pipes between the boreholes.  



 
 198 

  



 
 199 

8. LIST OF NOTATIONS 
 

αT Total heat transfer capacity (W/K) 

αv Volumetric heat transfer capacity (W/K,m3) 

ΔB Incremental step of borehole spacing (m) 

ΔH Incremental step of borehole depth (m) 

δr Gap width between liner and borehole wall (m) 

ΔT,ΔTs Annual mean temperature difference of the storage  

   volume (K) 

η Heat efficiency (Heat recovery factor) 

φ Circumference of cross-sectional area (m) 

θ Relative heat loss 

λ Thermal conductivity of the ground (W/m,K)  

λb Thermal conductivity of borehole filling (W/m,K)  

λf Thermal conductivity of the fluid (W/m,K)  

λg  Thermal conductivity of gap material between liner 

and borehole wall (W/mK) 

λi  Thermal conductivity of thermal insulation (W/m,K)  

λp Thermal conductivity of pipe material (W/m,K)  

μ,μf Dynamic viscosity (kg/m,s) 

v Kinematic viscosity (m3/m,s)  

ρ Density (kg/m3) 

σ Dimensionless relation, (λb-λ)/(λb+λ) 

a Thermal diffusivity (m2/s) 

A Storage area including the surrounding land strip (m2) 

Ab Cross-sectional area of the thermal influence (m2) 

AF(n,p) Annuity factor, n (years) at an interest rate of p(%) 

Ah Area of horizontal ground insulation (m2) 

Ahex Cross-sectional area, hexagonal drilling pattern (m2) 

Asq Cross-sectional area, square drilling pattern (m2) 

Av Area of the vertical insulation (m2) 

B  Optimization interval of borehole spacing (m) 

Bacc Borehole spacing accuracy (m) 

Bmax Maximum borehole spacing (m) 
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Bmin Minimum borehole spacing (m)  

Bopt Optimum borehole spacing (m) 

Bu Shank spacing of U-pipes (m) 

c  Heat capacity (J/kg,K) 

C  Volumetric heat capacity (J/m3,K or kWh/m3,K) 

cf Heat capacity of the fluid (J/kg,K)  

Cf Volumetric heat capacity of the fluid (J/m3,K)   

Cw  Volumetric heat capacity of water (J/m3,K)  

d  Pipe diameter (m) 

di Thickness of thermal insulation (m) 

Di Depth of thermal insulation (m) 

do Thermal penetration depth (m) 

Ds Soil drilling depth (m) 

E Heat flow per unit area (W/m2) 

E+ Annual heat injection (J or kWh) 

E- Annual heat extraction (J or kWh)  

E   Conductive heat flow (W/m2) 

E  Convective heat flow (W/m2) 

g Gravitational constant (9.81 m/s2).  

h Dimensionless heat loss factor  

H Borehole depth (height of storage volume) (m) 

Hacc Borehole depth accuracy (m) 

Hb Rock drilling depth 

HLst Steady-state heat loss (MWh) 

HLtr(n) Transient heat loss during the n:th year (MWh) 

Hmax  Maximum borehole depth (m) 

Hmin Minimum borehole depth (m) 

Hopt Optimum borehole depth (m) 

I Hydraulic gradient 

IC Initial drilling cost 

i,j  Integers 

k  Permeability (m2) 

K  Hydraulic conductivity (m/s) 

Lb Borehole length (m) 
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Lm Length scale of model (m) 

Lr Length scale of real size store 

LSC Collecting pipe length expressed in side-lengths of  

the store 

MaxPext Maximum extraction power (kW)  

MaxPinj Maximum injection power (kW)  

Nb Number of boreholes 

Np Number of peripheral boreholes 

Nu The Nusselt´s number  

Pr The Prandtl´s number 

qw Water flow rate (m3,s) 

q  Ground water flow rate (m3/m2,s) 

q, q(t) Heat injection per meter of borehole (W/m)  

Q Total heat injection rate (W)  

qgeo Geothermal heat flow (W/m2) 

Qgr Heat loss to the ground (W) 

Qins Heat loss through the thermal insulation (W) 

Qs Steady-state heat loss (W) 

r  Radius (m)  

R Radius of cross-sectional area (m) 

Ra Thermal resistance between upward and the downward 

channels (mK/W)  

r1 Radius of thermal influence (m) 

rb Radius of borehole (m) 

rl Outer radius of borehole liner (m) 

Rb Borehole thermal resistance (mK/W)  

Rb*  Effective borehole thermal resistance (mK/W)  

Rc1  Contact resistance between the outer wall of the pipe  

 and the filling material in the borehole or the heat 

 carrier outside the pipe (mK/W)  

Rc2 Contact resistance between the liner and the borehole 

wall (mK/W)  

Re  The Reynolds´ number 

Rfai Convective heat transfer resistance between the outer  
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 wall of the concentric inner pipe and the bulk fluid 

 in the annular channel (mK/W)  

Rfao Convective heat transfer resistance between the bulk 

 fluid of the annular channel and the borehole liner 

 or borehole wall (mK/W)  

Rfc Convective resistance between the bulk fluid and the  

surrounding circular wall of the flow channel (mK/W)  

Rfc1 Convective heat transfer resistance (mK/W)  

Rg Thermal resistance between the borehole wall and the 

average temperature level of the surrounding ground 

(mK/W)  

ri,ro Inner and outer radius of the pipe respectively (m) 

rl Radius to outer surface of liner (m) 

rp Radius of pipe (m) 

Rp Thermal resistance of a circular pipe wall (mK/W) 

Rp1 Thermal resistance of the pipe wall (mK/W)  

Rp2 Thermal resistance of the liner material (mK/W) 

Rp3 Heat transfer resistance of filling material (mK/W)  

RSC Collecting pipe as a fraction of the radius of the 

store (mK/W)  

Rsf Total (steady-flux) thermal resistance (mK/W)  

Sb Borehole spacing (m) 

t Time (s) 

T Storage temperature (K) 

To Annual mean temperature at ground surface (K) 

TAm Local average temperature (K) 

Tb Average temperature of the borehole wall (K) 

Tm Annual mean temperature at the storage boundary (K) 

To Annual mean temperature at the ground surface (K) 

tf Fracture width (m) 

Tf Average fluid temperature (K) 

tm Time scale of model (days) 

to Period time (s) 

tr Time scale of real size store (days) 
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Tref Reference temperature (K) 

Ts Ground surface temperature (K) 

Ts0 Average ground surface temperature (K) 

Tsa Annual ground surface temperature amplitude (K) 

tsf Influence time (s) 

U Mean flow velocity (m/s)  

v Flow (Darcy) velocity (m/s)  

V Storage volume (m3) 

vf Fracture flow velocity (m/s) 

Vheat(n) Value of annually extracted heat 

 "Thermal" velocity (m,s) 

WLS Land strip width (m) 

x Length (m)  

x,y,z Spatial coordinates (m) 

 The operator ( ; ;   

 

Cost Parameters 

C(n)  Annual storage cost based on transient heat losses 

Cast  Annual storage cost based on steady-state heat losses 

Ccap  Annual capital cost of the investment 

Ccon  Total construction cost 

Ccon-  Construction cost - administration and design cost 

Cheat(n) Annual heat loss cost based on transient heat losses 

Cin.heat Initial heating cost 

Cinv Investment cost 

Eres(n) Annual financial result 

 

Sub-Costs 

Cdes Administration and design cost 

Cdrill Drilling cost 

Cheat Heat loss cost 

Cind Indoor installation cost  

Coper Operation and maintenance cost 
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Cpipe Piping cost  

Cland Land cost  

 

Administration and design cost 

DC; DCp  Fixed and variable (%) design cost 

SI; SIp  Fixed and variable (%) site cost 

MA; MAp  Fixed and variable (%) management cost 

PR; PRp  Fixed and variable (%) profit 

 

Drilling cost 

IC Initial cost 

RD Total rock drilling cost 

RDb  Rock drilling cost per borehole 

RDm  Rock drilling cost per m 

RDmi Rock drilling cost increase per m  

RL Total rock lining cost 

RLm Rock lining cost per m 

SD Total soil drilling cost 

SDb Soil drilling cost per borehole 

SDm Soil drilling cost per m 

SDmi Soil drilling cost increase per m 

SL Total soil lining cost 

SLm Soil lining cost per m 

GL Total soil liner grouting cost 

GLb Soil liner grouting cost per borehole 

CI Total concrete injection cost 

CIb Concrete injection cost per borehole 

 

Heat cost 

HIf Fixed heat injection cost 

HIv Heat injection cost per MWh 

HIi Annual heat cost increase (%) 

HEf Fixed value of extracted heat 

HEv Value of extracted heat per MWh 
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HEi Annual value increase (%) of extracted heat 

 

Indoor installation cost  

IF Fixed installation cost 

IP Pump installation cost 

IC Culvert, pipe cost etc. 

HX Total heat exchanger cost 

HXf Fixed heat exchanger cost 

HXkW Heat exchanger cost per kWh 

HP Total heat pump cost 

HPf Fixed heat pump cost 

HPkW Heat pump cost per kWh 

CS Fixed control system cost 

 

Operation and maintenance cost 

MCf; MCp  Fixed and variable (%) maintenance cost 

OCf; OCp  Fixed and variable (%) operation cost 

 

Piping cost 

FP Fixed piping cost 

BP Total borehole pipe cost 

BPb Borehole pipe cost per borehole 

BPm Borehole pipe cost per m 

CP Total connecting pipe cost 

CPm Connecting pipe cost per m 

DC Fixed distribution/collector tank cost 

SC Total collecting pipe cost 

SCf Fixed collecting pipe cost 

SCm Collecting pipe cost per m 

CU  Total culvert pipe cost 

CUf Fixed culvert pipe cost 
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Land cost 

LFdef Fixed deforesting cost 

LVdef Deforesting cost per m2  

LFfill Fixed filling cost 

LVfill Filling cost per m2 

LFins Fixed ground heat insulation cost 

LVins Ground heat insulation cost per m2 

LFlev Fixed levelling cost 

LVlev Levelling cost per m2 

LFpur Fixed land cost 

LVpur Land cost per m2 

LFrent Fixed land rent cost 

LVrent Land rent cost per year and m2                       
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10. APPENDICES	
 
 3.1         Dimensional Analysis 
            Technical Data 

5.3         Borehole Installations 

5.4         Borehole Diameter 

5.5.1       Rock Thermal Conductivity 

5.5.2       Rock Thermal Capacity 

5.5.3.1     Top Soil Thermal Conductivity 

5.5.3.2     Top Soil Depth 

 

            Operation 

5.6.1    Storage Heat Extraction Capacity 

5.6.2       Injection Water Temperature Amplitude 

5.6.3       Injection Water Mean Temperature 

 

            Climate 

5.7.1       Mean Air (Ground) Temperature 

            Cost 

5.8.1.1     Interest Rate  

5.8.1.2   Mortgage Time of Investment 

5.8.2.1     Land and Land Preparation Cost 

5.8.2.2     Ground Heat Insulation Cost    

5.8.3.1     Soil Drilling Cost 

5.8.3.2.1 Rock Drilling Cost 

5.8.3.2.2 Rock Drilling Cost Increase by Depth 

5.8.4.2     Collecting Pipe Cost  

5.8.4.3     Connecting Pipe Cost 

5.8.4.4     Borehole Pipe Cost 

5.8.6       Administration and Design Cost 

5.8.7.1     Charging Heat Cost 

5.8.7.3     Comparison, Transient and Stationary Optimization 

5.8.8       Operation Cost 
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The Luleå Store     

6.1.1       Actual Design 

6.1.2       Borehole Depth Optimization 

6.1.3       Optimum Design 

6.1.4       State-of-the-art Design, the Reference Store 

6.1.5       DST Simulation 

            The Stocksundstorp Store 

6.2.1       Actual Design 

6.2.2       Borehole Depth Optimization 

6.2.3       Optimum Design 

            The Upplands Väsby Store 

6.3.1       Actual Design 

6.3.2       Borehole Depth Optimization 

6.4.3      Optimum Design 
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