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1. Introduction

The current situation of climate change has urged us to adopt immediate actions 
to globally increase the share of clean, renewable energy sources. In 2017, the 
global share of renewables amounted to 10 % and is expected to increase to 12 % 
in 2023. The most rapid growth is in the renewable electricity sector that is ex-
pected to grow up to 30 % share in 2023 from 24 % in 2017. In the heat sector, 
which accounts for half of the energy consumption and covers the heating de-
mand for domestic and industrial applications, the share is lower and is ex-
pected to grow from 10 % in 2017 to 12 % by 2023. (IEA, 2019). 

In the European Union (EU), the situation in 2017 appeared to be more posi-
tive with the total renewable energy share of 17 %, with 31 % and 19 % shares in 
the electricity and heat sectors, respectively. More substantial growth in the EU 
can be attributed to binding targets, such as the Directive 2009/28/EC, which 
set the goal of renewable energy share to 20 % by 2020, as well as realising 
country-level policies. Finland is one of the EU leaders in the renewable energy 
share reaching 41 % of the total energy share, with 35 % and 55 % shares in the 
electricity and heating sectors, respectively (Eurostat, 2019). Considering the 
current state-of-affairs and policies, such as the coal-free-Finland-by-2029 ini-
tiative recently declared by the Finnish Parliament, the energy outlook looks 
promising. 

One of the sources of renewable heat is the solar thermal energy that har-
nessed from the sun using solar thermal collectors. Most of the solar thermal 
energy is produced in small-scale systems for domestic space and water heating, 
but large-scale solar thermal systems for district heating are also common, as 
exemplified in Denmark. In high-latitude countries, such as Finland, the supply 
of solar thermal energy varies seasonally resulting in more energy being availa-
ble in the summer and a lesser amount in winter. However, the peak space heat-
ing demand is during the winter months, thus creating a mismatch between the 
supply and demand. The solution is to collect energy in the summer, store it 
seasonally, and use it to cover demand in the winter. One of the most optimal 
methods for seasonal storage of energy is thermal energy storage (TES) (Con-
verse, 2012). It has been present in human existence since the time that early 
humans dwelt in caves which, when heated up with a fire and the annualised 
temperatures of the surrounding rock mass, served as perfect shelters in cold 
winters (Stephens, 2005). 

This dissertation focuses on seasonal storage of thermal energy in the form of 
sensible heat, which is dependent on the mass, specific heat, and temperature 
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change of the storage medium. The most desirable storage media for sensible 
heat storage are required to provide a substantial change of internal energy per 
unit volume, be mechanically stable, have low toxicity and corrosiveness, and a 
low cost (Barnes and Levine, 2011; Cabeza, 2015). Therefore, crystalline hard 
rocks and water are both considered to be good storage media, due to their 
favourable properties and ability to obtain large storage volumes at a relatively 
low cost (Nordell and Hellström, 2000). The available underground thermal en-
ergy storage (UTES) methods (see Figure 1a–f ) include: Aquifer (ATES), Bore-
hole (BTES), Tank (TTES), Pit (PTES), Cavern (CTES), and Fractured (FTES) 
thermal energy storage method (Hellström and Larson, 2001; Pavlov and 
Olesen, 2012; Novo et al., 2010). 

 

Figure 1.  Underground thermal energy storage (UTES) methods (modified after Publication 3). 

1.1 State-of-the-art 

The research on underground thermal energy storage (UTES) in Finland has 
been mainly active in the 1980s and 1990s when the first storage facilities were 
planned (Lund, 1983; Nordell et al., 1986; Nordell et al., 1994; Nordell, 1994). 
Currently, only a few UTES facilities are active, for example, the Cavern Thermal 
Energy Storage (CTES) system in Oulu based on an old rock cavern oil storage 
that was converted and is used for optimisation of energy sourcing with a stor-
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age capacity of 10 GWh (Sipilä and Ritola, 1989; Nordell et al., 1994). Other fa-
cilities are in the planning phase, such as the CTES system in Helsinki, also 
based on an old oil storage cavern that is being refurbished to provide 11.6 GWh 
storage capacity (Galkin-Aalto, 2018). Although studies exist on the potential 
for groundwater energy utilisation in Finland (Arola, 2015), there are no active 
Aquifer Thermal Energy Storage (ATES) systems. 

On the other hand, the market of ground-source heat pumps has been 
proliferating in the last decade with the estimated number of ground source heat 
pumps installed in Finland exceeding 170 000 (SULPU, 2019), and a growing 
number of BTES systems for the heating and cooling of buildings. Large-scale 
thermal energy storage systems are more widespread in Sweden, which is 
the neighbouring country west of Finland and has very similar geo-
environmental conditions. Hellström (2013) reported that, in 2013, there were 
50 active BTES systems with borehole length exceeding 5000 m, 40 active ATES 
systems, and 3 CTES systems. 

One of the main application areas of UTES is the solar community, which is 
a community-scale group of buildings that utilises solar thermal energy for dis-
trict heating. In the Nordic countries of Europe, there are 194 active community-
scale solar district heating (SDH) plants, with 109 plants in Denmark, 13 in Swe-
den, and 1 in Finland (Solar District Heating, 2019). 

The first solar community in Finland was the Kerava solar village built in the 
1980s (Lund and Mäkinen, 1982). It consisted of 47 houses with the SDH aim-
ing to achieve a solar fraction of 75 %. The solar fraction is defined as the amount 
of heating energy produced by solar thermal collectors divided by the total re-
quired energy. The solar energy was stored seasonally in a water pit of 1500 m3 
volume that was excavated in rock. The pit was surrounded by an array of 53 
borehole heat exchangers for heat recovery. Although the storage system 
achieved a very high seasonal storage efficiency of 85 %, which is defined as the 
amount of discharged energy compared to the amount of charged energy in one 
season, the solar fraction peaked at 38 %; therefore, the overall goal was not 
reached and the project was terminated. One of the main problems was an 
overly small storage volume that was fully charged within a short time. It was 
concluded that increasing the pit volume tenfold would raise the percentage of 
the utilised solar thermal energy by 25 %. (Kauppa ja teollisuusministeriö, 
1986). 

The best-case example of a successful solar community located in a high lati-
tude country is the Drake Landing Solar Community (DLSC) in Okotoks, 
Canada, that was commissioned in the summer of 2007 (Sibbit et al., 2012). 
In the DLSC, the solar thermal energy is seasonally stored in the subsurface us-
ing an array of 144 borehole heat exchangers of 35 m depth (Drake Landing So-
lar Community, 2019). The DLSC has reached an average solar fraction of 96 % 
in the years 2012–2017, with a peak of 100 % during the 2015/2016 season 
(Mesquita et al., 2017). It is considered to be one of the best results of a solar 
community in the world and a record in high latitude climatic region. It has to 
be noted that despite the DLSC being located at a lower latitude than Southern 
Finland, the weather in Okotoks is cooler. 
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Lately, the research on UTES for solar communities has been studied at Aalto 
University in the Tackling the Challenges of a Solar-Community Concept 
in High Latitudes (SCC) research project, of which this dissertation is part. The 
project aimed at finding scientifically-based solutions for a solar community at 
high-latitudes (Hirvonen et al., 2015, 2016, 2017, 2018a, 2018b; Hirvonen, 
2017; Rehman et al., 2017, 2018a, 2018b). In addition, the use of UTES was also 
considered for a greenhouse-based biophilic housing design concept (Wester-
holm, 2018). 

The design of large-scale thermal energy storage systems is typically aided by 
numerical modelling, which is the primary technique used for investigating the 
long-term performance of UTES systems (Diersch and Bauer, 2015). The benefit 
of using numerical models is mainly attributed to their ability to explore differ-
ent design options to find the best scenario that will maximise the performance 
of the storage system for the given site conditions. 

The BTES is one of the most favourable methods for seasonal storage of solar 
thermal energy (Cabeza, 2015; Gao et al., 2015). This system consists of an array 
of borehole heat exchangers (BHEs) placed in the rock mass, which serve as the 
storage medium. Numerical models are used to compute the heat transfer be-
tween the working fluid and the ground. 

The most straightforward solutions to the heat transfer problem in the BHEs 
are achieved analytically, such as the finite line heat source model (Ingersoll and 
Plass, 1948), or the cylindrical heat source with radial dimension (Carslaw and 
Jaeger, 1959). Eskilson (1987) implemented the analytical solution for a steady-
state heat transfer in the BHE into a finite difference model to determine 
the thermal performance of various BHE configurations. Hellström (1991) used 
the superposition principle to simulate the added effect of multiple BHEs using 
a numerical model based on the analytical solution of a single BHE. However, 
the analytical solutions were limited to simple geometries.  

A numerical solution of the heat transfer inside the BHE using the finite ele-
ment method (FEM) was first proposed by Al-Khoury et al. (2006, 2007) in 
which the BHE is simplified as an edge, and the one-dimensional heat transfer 
is computed using the thermal resistance network. Further improvements of 
this method were suggested by Bauer et al. (2011) and implemented into a FEM 
model by Diersch et al. (2011a, 2011b). An example of a large BTES model is 
provided by Welsch et al. (2015). Wołoszyn and Gołaś (2013, 2014, and 2016) 
further improved the method by introducing an additional grout region into the 
thermal resistance network. The most sophisticated approach uses a fully 
discretised BHE enabling dynamic simulation of the heat transfer at small time-
scales, such as the finite volume model by Rees and He (2013). Oberdorfer et al. 
(2011, 2013) and Oberdorfer (2014) presented a fully discretised BHE model 
with a simplification of the fluid flow that allows fast simulations of the heat 
transfer at a variety of timescales. 

Furthermore, other UTES methods can be more cost-effective compared to 
the BTES method. In the Fractured Thermal Energy Storage (FTES) method, 
thermal energy is stored in the rock mass by circulating hot fluid through an 
artificially fractured hard rock aquifer. The heat exchange occurs between the 
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fluid and the walls of rock fractures. One of the applications of the FTES method 
is HYDROCK, a concept for thermal energy storage in hard crystalline rocks 
(Larson et al., 1983; Larson, 1984; Sundquist and Wallroth, 1990; Hellström 
and Larson, 2001). The main advantage of HYDROCK is a reduction of the num-
ber of boreholes and the increased heat transfer area as compared to the con-
ventional BTES method (Hellström and Larson, 2001). This creates the oppor-
tunity to reduce the construction cost of the storage system by as much as 50 %, 
thus rendering the energy storage more economically attractive (Ramstad, 
2004). 

1.2 Research problem

Underground thermal energy storage (UTES) is a technically viable method of 
storing seasonally solar thermal energy capable of helping increase the share of 
renewable energy. However, its costs and the lack of knowledge are still limiting 
factors which prevent it from widespread use in Finland. 

The example of the Kerava solar village described in the previous section illus-
trated that it is feasible to build a solar community with UTES in Finland, but 
the overall success depends mostly on the performance of the storage compo-
nent. Lund (1983) concluded that the seasonal storage of solar thermal energy 
is feasible in the weather conditions of Southern Finland, and a solar fraction 
above 70 % is achievable. Flynn and Siren (2015) concluded that the perfor-
mance of energy systems on a community scale mainly depends on the local en-
vironmental conditions, including the ground properties. The UTES system in 
the DLSC illustrated that a solar community in a high-latitude country could 
achieve more than 90 % solar fraction. However, the seasonal storage concept 
utilised in DLSC cannot be directly implemented in Finland due to different ge-
ological conditions that require a thorough investigation and design. 

Several conditions limit the applicability of the Borehole Thermal Energy 
Storage (BTES); these include drillable ground, high heat capacity and high 
thermal conductivity of the rock, low hydraulic conductivity, and natural 
groundwater flow smaller than 1 m per year (Schmidt et al., 2004; Novo et al., 
2010). All of the abovementioned requirements are satisfied by the typical rock 
mass characteristics in Finland; hence, building a BTES system is technically 
feasible. However, to designate the BTES as the preferred UTES method 
matching Finnish geo-environmental conditions, a systematic investigation of 
the concepts and a criteria-based selection was designed and executed by 
the author (Publication 1). 

As stated previously, the design of the BTES system can be aided by numerical 
modelling. However, the difficulty in the numerical simulation of BTES is 
twofold. First, the geometrical aspect of the BHE prevents full discretisation due 
to its high ratio of length (typically tens or hundreds of meters) and diameter 
(around 0.1 m) of the borehole. Secondly, the large number of BHE in the BTES 
system have to be handled in a single model. Both of the abovementioned prob-
lems increase the computational power and time required for computation of 
the life-cycle of BTES systems. The solution is to select a modelling approach 
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which allows efficient simulation of BTES systems performance. In this disser-
tation, two numerical approaches for simulation of BHE and BTES are 
presented which allow for simulation of seasonal thermal energy storage in a 
reasonable computational period to enable a more in-depth scenario analysis 
and parametric studies (Publications 2 and 3). 

Regarding and compared to the conventional BTES method, the Fractured 
Thermal Energy Storage (FTES) method can be a viable and more cost-efficient 
UTES method (Hellström and Larson, 2001). The construction process of the 
FTES method is based on hydraulic fracturing in vertical wells to create sub-
horizontal fracture planes. The success of this method is reflected in the ability 
to generate a system with multiple parallel fracture planes of sufficient hydrau-
lic conductivity. To provide 2 GWh of thermal energy seasonally, Hellström and 
Larson (2001) recommended a system with 25 parallel fracture planes of a 25 
m radius at 2 m spacing. In addition, Nordell et al. (1986) recommended a frac-
ture aperture of at least 1 mm to enable proper water circulation in a large-scale 
FTES system. However, the hydraulically driven fracture can interact with the 
existing fractures in the rock mass, thus changing the propagation path and di-
verging from the ideal system with sub-horizontal fractures as proposed by Hell-
ström and Larson (2001). In this dissertation, a fracture-mechanics-based 
numerical approach is presented capable of simulating the hydraulic fracturing 
in a fractured rock mass to study the interaction between the hydraulic and pre-
existing natural fractures (Publication 4). The goal is to study the influence of 
the interactions on the propagation of the hydraulic fracture, thereby affecting 
the thermal energy storage capacity of the FTES method. 

In conclusion, the following research questions are addressed and answered 
in this dissertation: 

1.  Which energy storage method is the most feasible for a solar community 
in Finland? 

2.  How to efficiently and numerically model the thermal performance of a 
single borehole heat exchanger and a large BTES system? 

3.  How can the annual performance of a BTES system be improved in an 
economically feasible manner? 

4.  How can the behaviour of the hydraulic fracture be simulated in the pres-
ence of pre-existing natural fractures in the rock mass? 

5.  What is the influence of the pre-existing discontinuities on the construc-
tion process of a fractured thermal energy storage system? 

1.3 Objectives

Through first verifying the best-suited UTES method for a small-scale solar 
community in Finland, this dissertation aims to develop a numerical modelling 
approach for long-term simulation of the Borehole Thermal Energy Storage 
(BTES) systems, and secondly, to propose a method capable of numerically sim-
ulating the hydraulic fracturing process in fractured rock. To achieve the overall 
goal, the following objectives were established, each aiming to provide answers 
for the corresponding research question: 
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1.  to perform a feasibility study of UTES methods in Finland to ascertain the 
best method, in other words, one which is economically attractive and ap-
plicable to Finnish geo-environmental conditions; 

2.  to develop an efficient numerical model capable of simulating both the 
short- and long-term performance of a single borehole heat exchanger and 
large BTES systems; 

3.  to suggest improvements to the BTES design based on the results of nu-
merical simulations; 

4.  to develop a numerical model capable of simulating hydraulic fracturing 
in fractured rock; 

5.  to simulate the interaction between hydraulic and natural fractures and 
determine their influence on the fractured thermal energy storage 
method. 

1.4 Scope and structure

This dissertation focuses on underground thermal energy storage in hard crys-
talline rock. Only borehole and fractured thermal energy storage methods are 
considered. The performance of the borehole method is assessed considering 
only single U-tube heat exchangers grouted in boreholes. No influence is 
considered of fractures and groundwater flow on the thermal performance of 
the storage system. 

This dissertation is structured as follows: 

Chapter 2:  A summary of the methods used in the research. 
Chapter 3:  Feasibility study, method selection, and preliminary cost analysis 

of underground thermal energy for a solar community in Finland. 
The result provides the answer to Research Question 1 (Publica-
tion 1). 

Chapter 4:  Design and execution of an in situ experiment for numerical model 
validation, and next, simulation of a single borehole heat 
exchanger and large Borehole Thermal Energy Storage (BTES) 
system. The results apply to the BTES method and provide an-
swers to Research Questions 2 and 3 (Publications 2 and 3). 

Chapter 5:  Development of a numerical model for the simulation of the 
interactions between hydraulically driven fracture and pre-
existing discontinuities. The results apply to the fractured thermal 
energy storage system method and provide answers to Research 
Questions 4 and 5 (Publication 4). 

Chapter 6:  Discussion 
Chapter 7:  Conclusions 
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2. Research methodology 

This study was composed of several research methods, ranging from a literature 
review, feasibility study, numerical simulations using the finite element method 
(FEM) and the displacement discontinuity method (DDM), to laboratory and in 
situ experimentation. This chapter summarises the research methods, which are 
described in more detail in the subsequent chapters. 

First, a feasibility study was completed to select the most suitable thermal en-
ergy storage method for a solar community in Finnish geological conditions 
(Publication 1). The selection was based on several criteria, which also included 
the cost of constructing a storage system. For this reason, preliminary cost cal-
culations were also carried out to evaluate the cost of an underground thermal 
energy storage system in crystalline rock conditions for a solar community. 

Next, a novel numerical approach was established to efficiently simulate 
the long-term thermal energy storage in rocks using the borehole heat exchang-
ers (Publication 2). For this purpose, a transient finite element thermal model 
was developed (Publication 2). An in situ experiment of underground energy 
storage in the crystalline rock was designed and carried out in the Otaniemi re-
search tunnel to test and validate the numerical modelling approach in field 
conditions. The research also consisted of laboratory work to determine the 
thermal properties of the rocks from the research tunnel to be used as input in 
numerical models (Publication 2). Furthermore, a numerical experiment was 
designed to test different design scenarios of BTES systems (Publication 3). 

Finally, a hydro-mechanical numerical model based on the boundary element 
method (BEM) with Displacement Discontinuity Method (DDM) was developed 
to simulate the construction process of Fractured Thermal Energy Storage 
(FTES) systems. A numerical experiment was designed to test the interactions 
between hydraulic and natural pre-existing fractures in low permeable, granitic 
rock (Publication 4). 

All the publications presented in this summary advance the state-of-the-art. 
Publication 1 presents an evaluation of the underground thermal energy storage 
methods with respect to the Finnish geological conditions. Publications 2 and 3 
propose two methods for numerical simulations of borehole heat exchangers in 
crystalline rocks. Publication 4 offers a new method to numerically simulate the 
influence of pre-existing fractures on the propagation of hydraulic fractures in 
brittle rocks using the fracture mechanics approach. 
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3. Feasibility of UTES in Finland

The first step of this study was to investigate available underground thermal en-
ergy storage (UTES) methods and select the most suitable method for a solar 
community in Finland. For this purpose, a feasibility study was performed 
which took into account the size of the community and its requirements for a 
seasonal thermal energy storage capacity and the geo-environmental conditions 
in Finland. 

A solar community of 50 single-family houses with 100 m2 floor area each was 
used as a basis for this feasibility study. The calculated annual heating demand 
amounted to 288 MWh, which included both the space heating and domestic 
hot water demand. The size of the community was aimed to be flexible allowing 
for possible future expansion of the storage system. The solution for a storage 
system investigated here is generic, ensuring its applicability in a variety of site 
conditions. 

The environmental conditions in Finland are characterised by both a maritime 
and continental climate with the average air temperatures reaching 5.8°C in the 
capital city Helsinki, located in Southern Finland. The measured global horizon-
tal solar irradiance in Helsinki is comparable to other cities in Central Europe. 
The ground conditions are characterised by Precambrian, low-porosity, crystal-
line bedrock composed mainly of granitic and metamorphic rocks that are typi-
cally overlain by a thin layer of sediments of less than 5 m thickness on average 
(Kukkonen, 2000). The groundwater level is usually found at 1 to 4 metres depth 
with negligible groundwater flow in the bedrock due to a relatively low fracture 
frequency. The thermal conductivity of rocks lies within a range of 2–
4 W·m 1·K- 1 with an average value of 3.2 (Kukkonen and Peltoniemi, 1998). 

In this feasibility study, five UTES methods were considered: Borehole Ther-
mal Energy Storage (BTES), Aquifer Thermal Energy Storage (ATES), Cavern 
Thermal Energy Storage (CTES), Pit Thermal Energy Storage (PTES), and Tank 
Thermal Energy Storage (TTES).  

To select the best UTES method for a solar community in Finland, the suita-
bility of each UTES method was evaluated against seven criteria, including the 
ease of obtaining storage volume, cost efficiency and feasibility at a small scale, 
adaptability, or site requirements. Each method was scored on a scale from 1 
(worst) to 3 (best). The results are given in Table 1. For more details, see Publi-
cation 1. 

Based on the evaluation, the best methods are the ATES and BTES due to their 
simplicity in obtaining large storage volumes, cost-efficiency and feasibility at a 
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small scale, adaptability, and reliability of the system. However, the ATES 
method can only be applied if an aquifer is present in the ground capable of 
being used for thermal energy storage. Therefore, this rules out the ATES 
method as a generic solution for a variety of site conditions, suggesting the BTES 
is the best UTES method for a small scale solar community in Finland. 

In addition, the specific storage cost was calculated for each method by taking 
into account the size of the required storage volume and typical ground condi-
tions. The specific storage cost included drilling and excavations, materials, and 
administrative costs. The storage cost was normalised to a unit cost per 1 m3 
water equivalent and plotted in Figure 2 together with the cost of existing solar 
UTES facilities in Europe (Schmidt et al., 2011; Giordano et al., 2016). The most 
cost-efficient method was the BTES as it fell in the lower part of the cost curve, 
together with BTES facilities in Sweden. The specific storage cost of the BTES 
amounted to around 10 € per 1 m3 water equivalent, which corresponds to 
around 5 € per 1 m3 of rock volume, assuming the typical properties of granitic 
rocks. 

Table 1. The results of the UTES method evaluation for a small-scale solar community in Finland 
(Publication 1). 

Criterion ATES BTES CTES PTES TTES 
Simplicity of obtaining sufficient storage volume +++ +++ ++ ++ + 
Cost efficiency of a small scale system +++ ++ + + + 
Storage efficiency ++ + ++ ++ +++ 
Site requirements ++ ++ ++ ++ +++ 
Adaptability +++ +++ + + + 
Small scale feasibility +++ +++ + + +++ 
Reliability of the storage system +++ +++ ++ + + 

 

 

Figure 2. Specific storage cost per 1 m3 of water equivalent of existing solar thermal energy stor-
age facilities in Germany, Sweden (SE) and Denmark (DK). The calculated cost for a solar com-
munity (SCC) in Finland (FI) is added in red (modified after Publication 1). 
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4. Borehole Thermal Energy Storage

The Borehole Thermal Energy Storage (BTES) method is based on accumulating 
thermal energy in the subsurface using multiple borehole heat exchangers 
(BHEs). In this study, two efficient numerical approaches using the finite ele-
ment method (FEM) were applied to simulate the thermal performance of BHE 
and BTES systems. The first is the Heat Transfer in Pipes (HTiP), which was 
proposed by the author in Publication 2. It is based on a one-dimensional sim-
plification of the heat transfer inside the U-tube pipes that allows the pipes to 
be discretised as edges. The pipes are embedded in a three-dimensional grout 
and rock mass in which the three-dimensional heat conduction is computed 
(Figure 3b). Hence, it represents a single degree of dimension reduction com-
pared to the real BHE (Figure 3a), which reduces the computational cost by de-
creasing the number of elements required to mesh the BHE. The assumption 
used is that the flow inside the pipe is fully developed, and the heat transfer 
calculation is based on the average tangential velocity of the fluid. The HTiP 
approach is described in detail in Publication 2. The second approach, the Weak 
Form Equations (WFE), is based on Al-Khoury et al. (2005) in which the whole 
BHE is discretised as an edge with a one-dimensional simulation of the heat 
transfer inside the BHE, including the grout (see Figure 3c). Thus, it represents 
a further dimensional reduction of the BHE. The WFE was selected to allow fast 
computation of a large BTES system due to its computational efficiency. The 
WFE approach is described in detail in Publication 3. 

This chapter provides a summary of the in situ experiment designed for veri-
fication of the numerical approach, and presents a comparison between the nu-
merical and experimental results. Next, a sensitivity study is presented of a sin-
gle BHE model investigating the influence of the design parameters. Finally, a 
numerical experiment is summarised of different BTES design aspects. 
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Figure 3. Conceptual drawing of a) real borehole heat exchanger (BHE) geometry and two mod-
elling approaches for the modelling of BHE: b) Heat Transfer in Pipes (HTiP); and (c) weak form 
equations (WFE) by Al-Khoury et al. (2005, 2006) (modified after Publication 2). 

4.1 In situ experiment design 

An in situ experiment of thermal energy storage was conducted in 2017 in the 
Aalto Research Tunnel (ART). The tunnel is located 20 m deep under the Ota-
niemi campus of Aalto University in Espoo, Finland (Figure 4a). The goal was 
to verify the HTiP and WFE modelling approaches and to validate the results of 
the HTiP numerical model containing a single BHE installed in hard crystalline 
rock. 

The experiment consisted of an experimental borehole (EXBH), which was a 
single BHE installed in 5 m deep, inclined borehole that was drilled into the wall 
of the tunnel (Figure 4b,e). The EXBH was equipped with a single U-tube BHE 
that was grouted in place using a pure sulphate-resistant cement. 

The EXBH was continuously charged with water at a temperature of 57.3°C  
for 21 days, followed by a cooling period of 15 days. The fluid temperature at 
inlet and outlet, as well as the flow rate were measured. The outlet temperature 
was nearly a constant 55.3°C during the charging phase (Figure 5). 

The rock temperature in the vicinity of the BHE was measured in real-time 
using a set of 11 temperature sensors installed along the monitoring borehole 
(MOBH) of 5.3 m length positioned 1 m to the left of the EXBH (Figure 4c,d). A 
comprehensive description of the in situ experiment is given in Publication 3, 
Caballero Hernandez (2017) and Janiszewski et al. (2017). 
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The rock mass in ART is composed of two main rock types: fine-grained 
hornblende-biotite gneiss and migmatic granite. The thermal conductivity of 
samples collected from the tunnel was measured in the laboratory using an 
optical thermal conductivity scanner (TCS). The fractures on the tunnel surface 
were not investigated due to the presence of a shotcrete layer. However, a simple 
investigation was carried out using a borehole camera with one open fracture 
being found in the middle of both boreholes, crossing them vertically. A thermal 
response test was performed before the experiment to quantify the effect of frac-
tures on the effective thermal conductivity of the rock mass around the EXBH. 
The obtained result was found to be close to the average thermal conductivity of 
both rock types measured in the laboratory. This, combined with the fact that 
the EXBH was grouted, lead to the assumption of no influence of fractures on 
the experiment. 

 

 

Figure 4. The sketch of the experiment area: (a) vertical section of the Aalto Research Tunnel; 
(b) horizontal section of the research tunnel; (c) enlarged horizontal section of the experiment 
area; (d) vertical section along the monitoring borehole (MOBH); and (e) vertical section along 
the experimental borehole (EXBH) (Publication 2). 
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Figure 5. The measured temperature of the carrier fluid at the inlet and outlet averaged per hour, 
and the fluid velocity calculated from the flow meter readings (Publication 2).

4.2 Numerical simulation of the in situ experiment

A finite-element numerical model of the in situ experiment was developed in 
COMSOL Multiphysics 5.3a software. The three-dimensional numerical model 
consisted of a block representing the rock mass that contained two simplified 
tunnels of the Aalto Research Tunnel (ART) (see A and B in Figure 6a). 

First, the EXBH was modelled using the HTiP approach consisting of a three-
dimensional grout domain with an optimised finite element mesh and two one-
dimensional edges representing the two pipes of the BHE (see Figure 6b). The 
temperature boundary condition at the inlet and the fluid velocity inside the 
pipes were averaged per hour from the inlet temperature and the fluid velocity 
measured in the experiment. Next, the WFE approach was used in which the 
BHE was represented as a single edge. 

The boundary conditions of the numerical model are presented in Figure 6a. 
The top of the model was prescribed with an average ground surface tempera-
ture, and the sides and bottom were prescribed with a temperature based on the 
ground surface temperature increasing with depth according to the average ge-
othermal gradient. The rock mass around the ART had heated up over the years 
due to the increased air temperature in the tunnel network. Therefore, to ac-
count for the long-term heating of the rock mass and to achieve a realistic rock 
temperature distribution around the tunnels that matched the initial measured 
rock temperature at MOBH, a pre-heating stage was introduced with a pre-
scribed tunnel air temperature and convection heat transfer coefficient at tunnel 
walls. 

The numerical results were validated by comparison with the experimental 
results. Both the HTiP and WFE numerical models correctly predicted the outlet 
fluid temperature (see Figure 7). The average error was 2.9 % and 4.7 % with a 
maximum error of 8.5 % and 12 % on the fourth day for the HTiP and WFE 
models, respectively. The initial and post-heating predicted rock temperature 
was compared against the temperature readings from the thermal sensors in-
stalled in the MOBH (see Figure 8). The simulated initial and after heating rock 
temperatures exhibited a good fit with the experimental results. Nevertheless, 
the HTiP overestimated the rock temperature change in the rock mass after 
heating in the first part of the monitoring borehole, whereas the WFE underes-
timated the temperature change in the deeper part of the borehole. 
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Figure 6. Geometry and boundary conditions of the HTiP in situ experiment numerical model: (a) 
the rock mass model with the simplified tunnel network and (b) the close-up view of the HTiP 
experimental borehole model.

 

Figure 7. Comparison between the measured and simulated temperatures of the fluid at the BHE
outlet and the relative error for the HTiP model (modified after Publication 2).

 

Figure 8. Comparison between the measured and simulated initial (solid) and heated (dashed) 
rock temperatures at thermal sensors installed in the monitoring borehole (MOBH) (modified after 
Publication 2).
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4.3 Sensitivity analysis of a single BHE

Further analyses were performed on the HTiP model to quantify the effect of 
changes in the BHE design as well as the storage medium properties on the ther-
mal performance of the system. 

First, the sensitivity of the model was tested by changing the selected 
parameters by ±25 %. The effectiveness of thermal energy transfer from the 
BHE was quantified by measuring the fluid temperature drop after 21 days of 
constant injection of hot fluid (see Figure 9a). The thermal conductivity of the 
rock, grout, and the pipe material had the most influence on the fluid outlet 
temperature. The higher the thermal conductivity, the lower the outlet fluid 
temperature, thereby indicating more thermal energy transfer from the fluid 
into the surrounding rock. Influence on the fluid temperature drop was also 
observed due to the geometrical set-up of the BHE; in other words, the energy 
transfer was escalated by an increase of the inner radius of the pipe and the dis-
tance between the pipes as well as a decrease in borehole radius. The response 
of the rock mass was quantified by measuring the rock temperature change 
around the BHE (see Figure 9b). The highest influence on the rock temperature 
change was observed from changes in the grout thermal conductivity and pipe 
radius, resulting in their increase raising the rock temperature. The heat capac-
ity, density, and thermal conductivity of the rock had a slightly milder impact, 
whereby their decrease had increased the rock temperature. 

Next, the values of the input parameters were varied within a realistic range 
with the resulting fluid outlet temperature and rock temperature change being 
plotted as a function of the input parameter after 21 days of heating (see Figure 
10). The grout thermal conductivity had a significant impact on both the fluid 
outlet temperature and the rock temperature. The most significant increase was 
noticed in the range between 0.5 and 1.5 W·m-1∙K-1 with the increase in thermal 
conductivity resulting in an increased effectiveness of thermal energy transfer 
from the BHE into the storage medium. It also increased the response of the 
medium in terms of elevated rock temperatures around the BHE. A similar, alt-
hough less pronounced effect is observed for the inner radius of the BHE pipe. 
An interesting result was observed in the response of the system to changes of 
rock thermal conductivity, its increase resulting in a decrease of both the outlet 
temperature and the rock temperature change due to a higher rate of heat trans-
fer into the rock mass. 

In addition, a complete storage cycle of a single BHE was investigated by 
measuring the storage efficiency, that is, the ratio of the energy discharged to 
the energy charged (Figure 11). The amount of energy was computed based on 
the difference between the fluid temperature at the inlet and outlet over the 21 
days charging and 21 days discharging periods with the injected fluid tempera-
ture of 57°C and 10°C, respectively. A ±25 % change in parameters was again 
used. The highest increase in the storage efficiency of the given model was 
achieved by (in decreasing influence order): lowering the rock thermal conduc-
tivity, increasing the rock heat capacity and density, increasing grout thermal 
conductivity, the pipe radius and the pipe spacing, and lowering the borehole 
radius. The results are discussed further in Chapter 6 Discussion. 
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Figure 9. The sensitivity of: (a) the fluid temperature at the BHE outlet; (b) the maximum temper-
ature change at the monitoring borehole, after 21 days of heating to ±25 % change of the selected 
model parameters (Publication 2). 

 

Figure 10. Fluctuations of the maximum rock temperature change at MOBH and the fluid outlet 
temperature after 21 days of constant heating as a function of the input parameters. Both y-axes 
are drawn with an identical range to show their relative effect on the results. (Publication 2). 

 

Figure 11. The sensitivity of the single BHE’s thermal storage efficiency after 21 days of constant 
charging and 21 days of continuous discharging to ±25 % change of the selected model param-
eters (Publication 2). 
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4.4 Numerical simulation of BTES

In Publication 3, the efficient WFE numerical approach of steady-state heat 
transfer inside the BHE, proposed by Al-Khoury et al. (2005), was implemented 
into the FEM software package COMSOL Multiphysics 5.2a. WFE was coupled 
with heat conduction in the surrounding rock mass to simulate a large-scale 
BTES system. The WFE was used due to its efficiency in terms of computational 
requirements. 

The goal was a comparison of different design scenarios of the thermal storage 
component for a small solar community. A set of 18 numerical models was pre-
pared to study the effect of design aspects, which included the number of BHEs 
(48 and 168; see Figure 12), storage volume (20 000, 30 000, and 40 000 m3), 
height-to-width (H:W) ratio of the storage (0.5, 1.0, and 3.0). Further, by keep-
ing the number of BHEs constant and increasing the storage volume, the in-
crease of borehole spacing was also studied. 

Each scenario was a quarter-symmetric 3D model with the BHE array in a 
square pattern (see Figure 13). The BHEs were discretised as vertical edges with 
weak form equations modelling the heat transfer inside the single U-tube BHE 
grouted in a borehole. The top and outer walls were prescribed with a sinusoidal 
ground surface temperature function following the annual air temperatures, 
and attenuating with depth according to the thermal diffusivity of the storage 
medium. The thermal properties of the rock mass, that is, thermal conductivity 
and heat capacity were set to 3.2 W/(m∙K) and 840 J/(kg∙K), respectively, which 
represented the average values of Finnish rocks (Kukkonen and Peltoniemi, 
1998). 

The annual charging/discharging cycle began on 1st of April as the 1st day of 
charging that continued for 196 days and was followed by a discharging of 168 
days. The inlet fluid temperatures in the charging and discharging cycle were 
based on the average outside air temperature recorded in Southern Finland, in-
creased accordingly due to solar radiation, to simulate input from solar thermal 
collectors (see Figure 14). In charging mode, the hot water was injected into the 
centrally located BHEs and exited at the outer BHEs; in the discharging mode, 
the cycle was reversed with the cold fluid being injected into the outer BHEs and 
exiting at the centre (see Figure 12). An average fluid velocity of 0.6 m·s-1 was 
assumed in all models to ensure turbulent flow conditions inside the pipes. In 
total, five years of operation were simulated. 

To compare the scenarios, the amount of energy charged and discharged was 
calculated based on the fluid temperature difference between the inlet of the 
first BHE and the outlet of the last BHE in each series, the volumetric flow rate 
and thermal properties of the fluid. Then, the seasonal storage efficiency was 
calculated as the ratio of discharged to charged energy. 

The results of the amount of charged and discharged energy in 5 years of op-
eration are presented in Figure 15. The model with 168 boreholes, 40 000 m3 

volume and 1:0 H:W ratio achieved the best seasonal storage efficiency of 69 % 
in the fifth year of operation. The total amount of recovered energy was 971 
MWh. In models with 48 boreholes, the best seasonal storage efficiency of 57 % 
was achieved by the model with 30 000 m3 and 3:0 H:W ratio that recovered 
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566 MWh in the fifth year of operation. The total amount of charged and dis-
charged energy increased with the H:W ratio and the storage volume. Interest-
ingly, the highest storage efficiency was achieved with H:W ratio of 3:0 in mod-
els with 48 BHEs and with H:W ratio of 1.0 in models with 168 BHEs. The in-
crease of seasonal storage efficiency was inversely proportional to borehole 
spacing (Figure 16a) and proportional to total borehole length (Figure 16b). 
However, the increase of BHE length increased the installation costs. Figure 17 
compares the total installation cost (assuming 65 €/m for drilling and BHE) and 
storage efficiency. In the most efficient model with 168 BHEs and 1.o H:W ratio, 
a 4 % increase of the efficiency resulted in an increased total cost by 59 % com-
pared to the model with 0.5 H:W ratio. The results are discussed further in 
Chapter 6. 
 

 

Figure 12. Two types of BHE array used in the BTES model: (a) 48 BHEs with three BHEs con-
nected in series and (b) 168 BHEs with six BHEs connected in series (Publication 3). 

 

Figure 13. Model set-up and the boundary conditions in the BTES model (modified after Publica-
tion 3). 

 

Figure 14. The charge/discharge and outside air temperatures (modified after Publication 3). 
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Figure 15.  Comparison of charged and discharged energy during five years of operation, and 
the seasonal storage efficiency in the fifth year of each scenario. The name of categories on the 
x-axis represent the number of BHEs, storage volume in m3, and the height-to-width ratio of the 
storage, respectively (modified after Publication 3). 

 

Figure 16. The relationship between the seasonal performance in the fifth year of BTES system 
operation to: (a) the total borehole length and (b) borehole spacing (modified after Publication 3). 

 

Figure 17. Comparison of the seasonal storage efficiency and the BHE installation cost of each 
BTES scenario assuming 65 €/m installation cost (drilling and BHE cost). The name of categories 
on the x-axis represent the number of BHEs, storage volume in m3, and the height-to-width ratio 
of the storage, respectively (modified after Publication 3). 
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5. Fractured Thermal Energy Storage 

The Fractured Thermal Energy Storage (FTES) method utilises an artificially 
fractured hard rock aquifer to circulate a hot fluid, and accumulate thermal en-
ergy in a low permeable rock mass (see Figure 18). The FTES system is con-
structed by hydraulic fracturing in vertical boreholes to create multiple sub-hor-
izontal fracture planes which are used as heat exchangers to transfer the energy 
into the rock mass. Therefore, it can be a cost-effective alternative to the con-
ventional BTES method as it can reduce the number of the required boreholes.  

However, the presence of natural, pre-existing fractures in the rock mass can 
influence the propagation of the hydraulic fracture resulting in the fracture pat-
tern differing from the assumed sub-horizontal planes. 

This dissertation developed a hydro-mechanical coupled numerical model 
based on the fracture mechanics approach (Publication 4). The numerical model 
was used to simulate the interactions between the artificial hydraulically-driven 
fracture (HF) and the pre-existing natural discontinuities (NF) at various ap-
proach angles. 

This chapter summarises the numerical modelling results and their implica-
tions for the FTES method. First, the possible interaction mechanisms between 
the HF and NF are described, and the methods to study this problem are 
summarised. Next, the numerical model set-up is presented. Finally, the results 
are presented of the numerical simulation of a hydraulic fracture approaching a 
single natural fracture at various dip angles. 

 

 

Figure 18. Schematic diagram of the Fractured Thermal Energy Storage (FTES/HYDROCK) 
method (Publication 4). 
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5.1 Interactions between hydraulic and natural frac-
tures 

The hydraulic fracture (HF) initiates and propagates in the plane perpendicular 
to the minimum principal in situ rock stress axis. In a reverse faulting stress 
regime in which the horizontal in situ stress is the highest and the minimum 
compressive stress is vertical, the HF propagates horizontally. 

However, away from the borehole, it can change its propagation path, for in-
stance, by interacting with the pre-existing natural discontinuities (NF). When 
the HF approaches the NF, five geomechanical mechanisms are probable: 
Crossing, Arresting (No crossing), Dilation, Activation, and Offset crossing. Fur-
thermore, mixed mechanisms are also likely (see Figure 19). The possible inter-
action mechanism depends on several factors, such as the differential in situ 
rock stress, the angle of approach between the HF and NF, or the mechanical 
properties of the NF. 

A conceptual model of the HF approaching a single NF is presented in Figure 
20. The dip angle of the NF dictates the level of normal and tangential stress 
acting on it. The larger the dip (vertical NF; large approach angle), the higher 
the normal stress acting on the NF, and the less likely fracture dilation by the 
propagating fluid. 

 

Figure 19. Schematic diagram of the interactions between the hydraulic fracture (HF) and pre-
existing natural fractures (NF) in the rock mass (modified after Publication 4). 

 

Figure 20. A conceptual model of the interaction mechanism between the hydraulic and natural 
fracture (Publication 4). 
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The interaction mechanisms can be predicted using various analytical models, 
(Blanton, 1982, 1986; Warpinski and Teufel, 1987; Renshaw and Pollar, 1995; 
Gu and Weng, 2010; Cheng et al., 2014; Sarmadivaleh and Rasouli, 2014). 
Additionally, numerical models are used to simulate hydraulic fracturing in 
fractured rock masses (e.g., Yoon et al., 2014, 2015a, 2015b; Damjanac and 
Cundal, 2016; Lisjak et al., 2017; Xu et al., 2018). 

5.2 Numerical experiment design

In this study, numerical modelling was performed using FRACOD (Fracture 
Propagation Code), which is a boundary element (BEM) code based on the Dis-
placement Discontinuity Method (DDM) into which fracture mechanics is inte-
grated (Shen et al., 2014). The added value of using FRACOD is its ability to 
simulate the explicit fracturing of brittle rocks that has been tested in many ap-
plications, including hydraulic fracturing simulations (Shen and Shi, 2016; Xie 
et al., 2016; Janiszewski et al., 2018). 

It has to be noted that no laboratory or in situ experimental data was 
produced, and the goal was to study the problem on a general level applicable 
to a low-permeable granitic rock mass. Thus, the adaptive modelling approach 
proposed by Starfield and Cundall (1988) was used to overcome this data-lim-
ited problem. 

A two-dimensional coupled hydro-mechanical numerical model was set-up in 
FRACOD2D based on the conceptual model that represented a vertical section 
of the rock mass. A synthetic granitic rock mass material was used with the ge-
omechanical properties of Bohus granite, which hosted the first HYDROCK in 
situ experiment (Larson et al., 1983). The horizontal stress of 8 MPa and vertical 
stress of 1.5 MPa were used as boundary conditions for the rock mass model, 
and a constant injection pressure of 8 MPa was applied as a circular source in 
the borehole. 

The numerical experiment consisted of a series of models with a single Hy-
draulic Fracture (HF) and a single Natural Fracture (NF) at various dip angles 
to test the interactions between the HF and NF at approach angles ranging from 
40° to 90° at 10° step (see the model geometry in Figure 21a). In addition, sev-
eral scenarios were designed to investigate the evolution of the interaction 
mechanisms as a function of controlling parameters, including fracture aper-
ture, fracture cohesion, differential stress, and fluid viscosity. 

5.3 Results of the fracture interaction model

The results of the interactions between the Hydraulic Fracture (HF) and the 
Natural Fracture (NF) are presented in Figure 21. The HF crossed the NF at ap-
proach angles equal to 90°, 80°, and 70° (Figure 21a–c). At 60° (Figure 21d), 
the HF crossed the NF at an offset and also dilated the NF and activated it, thus 
continuing the propagation from the upper tip of the NF. At approach angles 
50° and 40° (Figure 21e–f), the HF was arrested at the NF and then dilated it by 
the penetrating fluid front causing activation of the NF. Due to slippage of the 
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NF, Mode I tensile fracture initiated at the tip and the HF continued propagat-
ing from the tip in the direction of maximum principal stress. 

The results were in good agreement with the analytical criterion for fracture 
crossing prediction by Sarmadivaleh and Rasouli (2014), which also predicted 
the arrestation of the HF at approach angles below 50°. The only difference was 
in the model NF dipping at 60°, which indicated offset crossing whereas the an-
alytical model predicted simple crossing. 

The results of the parametric analysis showed that the evolution of the inter-
action mechanism is mostly influenced at approach angles of 60°; therefore, any 
change of the controlling parameters will affect the approach of the HF either 
resulting in it crossing the NF or becoming arrested (see Publication 4 for more 
details). 
 

 

Figure 21. Numerical modelling results of the interaction between the hydraulic and the pre-
existing natural fracture at dip angles varied from 90° (a) to 30° (f) (modified after Publication 4). 
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6. Discussion

The results of the feasibility study and method selection for a small-scale solar 
community in Finland indicate that the Borehole Thermal Energy Storage 
(BTES) method is the most optimal choice considering the assumed selection 
criteria. It has to be noted that the presented option is a generic solution appli-
cable to geo-environmental conditions in Finland. However, other methods are 
likely to be more suitable for specific site conditions. One example would be the 
presence of a natural groundwater reservoir in the ground that could allow the 
Aquifer Thermal Energy Storage (ATES) to be used as a more cost-effective stor-
age method. Arola (2015) indicated that several aquifers in Finland are available 
for renewable energy utilisation. In addition, a combination of several methods 
can be advantageous for increasing storage performance as demonstrated in 
several cases, such as the combined Pit and BTES system in Kerava solar village, 
Finland (Oosterbaan, 2016; Oosterbaan et al., 2017); or the combined Tank and 
BTES in Attenkirchen, Germany (Reuss et al., 2006). Furthermore, the Frac-
tured Thermal Energy Storage (FTES) method was not considered in the 
method selection since it is still a concept that has not been tested in a large-
scale application. Therefore, further investigations are needed on the cost-effi-
ciency and applicability of FTES. 

The Heat Transfer in Pipes (HTiP) and the Weak Form Equations (WFE) nu-
merical modelling approaches are both computationally efficient and accurate 
methods for the simulation of heat transfer in borehole heat exchangers (BHEs). 
However, both methods are based on assumptions and simplifications of the 
problem. The HTiP method represents the first degree of dimension reduction 
in which the heat transfer in the pipes of the heat exchanger is simplified to one 
dimension (see Figure 3). This dramatically increases the computational effi-
ciency, but it also introduces an error due to omitting the heat capacity of the 
pipes which are not discretised. This issue can be solved by the pseudo-pipes 
approach suggested by Ozudogru et al. (2014), although it will result in the com-
putational cost being higher. 

The WFE approach represents an even higher level of dimension reductions, 
rendering the error more significant than in the HTiP model. The accuracy can 
be further improved by introducing an additional zone in the grout domain as 
demonstrated by Wołoszyn and Gołaś (2013). Nevertheless, the WFE approach 
is two times faster compared to the HTiP and is recommended for simulating 
large BTES systems with hundreds of BHEs. The HTiP is recommended for ap-
plications in which the BHE is modelled as multiple pipes, and the accuracy of 
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computed fluid temperatures is of crucial importance. Future work should focus 
on the improvement of the HTiP approach in order for it to be used to accurately 
model large BTES systems. 

Furthermore, the BHE models in this dissertation are only based on grouted 
BHEs and not groundwater-filled boreholes, which are typically found in the 
Nordic countries (Spitler et al., 2016). Further developments of the proposed 
models should include a numerical solution for the natural convection in non-
grouted BHEs, such as the approach suggested by Holmberg (2016). 

Based on the results, the annual storage performance of BHEs can be 
increased by using a rock with low thermal conductivity, high heat capacity and 
high density. Those three thermophysical properties can be combined into a sin-
gle property, that is, thermal diffusivity, which should be minimised to maxim-
ise the seasonal storage efficiency of BTES systems. Hence, the thermal proper-
ties of the rocks at a potential storage site should be determined by pre-investi-
gations. Nordell (1994) concluded that laboratory measurements of thermal 
conductivity are cost-effective, as they reduce the uncertainty of the values used 
for dimensioning of the storage compared to values obtained indirectly. High 
uncertainty of thermal conductivity may result in overall cost increase exceed-
ing the cost of pre-investigation. 

The most efficient BTES design of the modelled cases was a system with 168 
boreholes spaced at 2.5 m with 5708 m total length, a height-to-width ratio of 1 
(height of 37.1 m), and 40 000 m3 storage volume. It achieved a discharged en-
ergy amount of 971 MWh and the seasonal storage efficiency of 69 % in the fifth 
year of operation. Such a design would be sufficient to cover the heating energy 
needs of a solar community consisting of 150 houses. The scenario with the 
same number of boreholes and storage volume, but with a height-to-width ratio 
of 0.5 (height of 23.4 m) that amounted to 3596 m borehole length, achieved a 
discharged energy amount of 739 MWh, as well as a seasonal storage efficiency 
of 65 %. The total cost of BHE installation in this model was only 63 % of the 
installation cost of the most efficient case. The installation cost of such a design 
would be cheaper resulting in 1 MWh of energy costing 316 €/MWh compared 
to 382 €/MWh for the previous case. However, it would only be sufficient to 
cover the heating energy needs of a solar community consisting of 130 houses. 

The most efficient design of BTES system with 48 BHEs was a system with 2.9 
m borehole spacing, a height-to-width ratio of 3 (height of 70.1 m), and 30 000 
m3 storage volume. It achieved a discharged energy amount of 566 MWh and 
the seasonal storage efficiency of 57 % in the fifth year of operation. Such a de-
sign would be sufficient to cover the heating energy needs of a solar community 
consisting of 100 houses. 

In addition, other adjustments to BHE design can also positively affect the 
thermal performance of BTES systems, which include high thermal conductivity 
of the grout, large inner radius of the pipes, large spacing between the pipes, 
and low borehole radius. Such findings are in agreement with previous studies 
by Oberdorfer et al. (2013), who also pointed out that the pipe radius should be 
increased to an optimal size which will maximise exchange and minimise the 
thermal shortcutting effect. 
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It has to be noted that the influence of fractures and groundwater flow in the 
BTES models was not taken into account in this dissertation. However, if frac-
tures with groundwater flow are present in the rock mass, they can affect the 
thermal performance of BHEs as concluded by Dehkordi et al. (2015). Further 
research should focus on quantifying the influence of fracture flow on the ther-
mal performance of large BTES systems. 

Another limitation of the BTES models in this study is the lack of a soil layer 
above the rock storage. Nordell (1994) pointed out that the soil depth can fluc-
tuate by few meters in a small area, which may significantly influence the con-
struction cost due to the higher cost of drilling. It is therefore recommended to 
determine the soil depth (for example using a geo-radar or seismic profiling) 
and select the best possible location to reduce the construction cost. 

The obtained numerical modelling results of the interactions between hydrau-
lic and natural fractures apply to the construction process of the Fractured Ther-
mal Energy Storage (FTES) systems. The presence of fractures inclined at low 
angles with respect to the hydraulic fracture plane can inhibit the growth of hy-
draulic fractures leading to the fracture pattern diverging from the ideal sub-
horizontal plane as described by Hellström and Larson (2001). 

The results are analogous with previous studies from the literature. The ob-
served dependence of the type of interaction mechanism on the approach angle 
is in good agreement with preceding laboratory (Zhou et al., 2008; Cheng et al., 
2014) and numerical experiments (Yoon et al., 2017; Zhang et al., 2018). 

It should be noted that the original concept by Hellström and Larson (2001) 
assumed constructing the FTES system with shallow holes near the surface in a 
homogenous and competent rock. Then horizontal fracturing is expected in the 
uppermost 200–300 m. However, in the case of there being open and very con-
ductive fractures, the flow would tend to be diverted into those, and the result-
ing fracture pattern would be different than expected with more branching. 
Hence, proper ground investigations and fracture mapping are essential to an-
ticipate the problem, thus ensuring that an appropriate design can be selected 
with the aid of numerical modelling.  

Another important aspect of FTES is the selection of fracturing fluid. Nordell 
et al. (1986), Hellström and Larson (2001), and Ramstad (2004) concluded that 
the use of pure water as the fracturing fluid may not be sufficient, and adding 
propping agents, such as quartz sand, is recommended to increase the flow ca-
pacity of propagated fractures and keep them open. After the fracturing, the hy-
draulic conductivity of the fracture system should be investigated, for example 
by performing permeability test as described by Nordell et al. (1986) and Ram-
stad (2004). This will help to determine if the flow through the system is suffi-
cient or if additional propagation cycles are needed. 

Although the numerical model assumes a reverse faulting stress regime in 
which the horizontal stress is the greatest and the vertical stress is the smallest, 
thus resulting in a horizontal hydraulic fracture, the results are also applicable 
to the strike-slip stress regime, but with a different fracture geometry. If the 
horizontal stress components are the maximum and minimum principal com-
ponents, respectively, then the resulting hydraulic fracture is vertical. In this 
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case, a vertical hydraulic fracture would approach a pre-existing vertical frac-
ture, and the results presented in Figure 21 would also apply. 

The main limitation of the model is that it only considers a single natural frac-
ture in a 2D space. If the problem is considered in a 3D space, not only does the 
approach angle matter, but so does the strike angle of the pre-existing fracture, 
such as in the case of the natural and hydraulic fractures being perpendicular to 
each other. Then the crossing can only occur if there is a region in which both 
angles are sufficiently large, as described by Cheng et al. (2014). Therefore, fu-
ture work should focus on upgrading the model to a 3D space and implementing 
more fractures to simulate more realistic conditions. 
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7. Conclusions

The three main findings from this research address the underground storage of 
thermal energy in hard crystalline rocks. The Borehole Thermal Energy Storage 
(BTES) method is suggested as the most optimal thermal energy storage method 
for a solar community in Finland. The proposed thermal numerical model can 
aid in the design of BTES systems by efficiently simulating their seasonal per-
formance. Lastly, the proposed hydraulic fracturing model can simulate the 
construction process of fractured thermal energy storage systems. More specif-
ically, the conclusions from this research are: 

 
1.  Based on the feasibility study, the BTES method is suggested as the most 

optimal method for a small-scale solar community in Finland. The BTES 
method is advantageous in terms of the ease of obtaining large storage 
volumes, feasibility at a small scale, adaptability, and cost-efficiency. 

2.  Two finite element numerical modelling approaches were developed ca-
pable of accurate simulation of Borehole Heat Exchangers (BHE). The 
first is the Heat Transfer in Pipes (HTiP) modelling approach, which is 
more suitable for simulating BHEs with complex geometries on both the 
short- and long-term time scale. The second is the Weak Form Equations 
(WFE) modelling approach that is more computationally efficient and can 
simulate the long-term performance of large BTES systems. Both models 
were validated by an in situ experiment of thermal injection into a single 
BHE installed in a hard crystalline rock environment. Both models accu-
rately predicted the outlet fluid temperatures and were computationally 
efficient. 

3. Based on the sensitivity analysis of a single BHE modelled with the HTiP 
approach, it can be concluded that low thermal diffusivity of the rock as a 
storage medium is essential for maximising storage efficiency. 
Furthermore, to maximise the thermal performance of a single U-tube 
heat exchanger grouted in a hard rock borehole, the following character-
istics are desired: high thermal conductivity of the grout, large distance 
between the pipes, low borehole radius, and high thermal conductivity of 
the pipe material. 

4.  The long-term thermal performance of multiple design scenarios of BTES 
system was numerically simulated using the WFE approach. Based on the 
numerical modelling results, it is concluded that the seasonal storage ef-
ficiency of BTES systems is proportional to the total length of installed 
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BHEs and inversely proportional to borehole spacing. The most efficient 
BTES model with 168 boreholes was a system with a depth and width of 
37.1 m which corresponds to a 40 000 m3 rock volume, a total borehole 
length of 5708 m, and borehole spacing of 2.5 m. It achieved a discharged 
energy amount of 971 MWh and the seasonal storage efficiency of 69 % in 
the fifth year of operation, which would be sufficient to cover the heating 
requirement of a solar community consisting of 150 houses. Among the 
BTES models with 48 boreholes, the most efficient system had a depth of 
70.1 m and width of 23.4 m, which corresponds to a rock volume of 
30 000 m3, a total borehole length of 3363 m, and borehole spacing of 
2.9 m. It achieved a discharged energy amount of 566 MWh and the sea-
sonal storage efficiency of 57 % in the fifth year of operation, which is suf-
ficient to cover the heating requirement of a solar community consisting 
of 100 houses. 

5.  A hydro-mechanical coupled numerical model capable of simulating hy-
draulic fracturing in the presence of a natural, pre-existing fracture was 
developed. The model is based on the fracture mechanics approach and 
can simulate the explicit process of hydraulic fracturing in the construc-
tion of fractured thermal energy storage (FTES) systems. The model sim-
ulates realistic interaction mechanisms and was validated against an ana-
lytical criterion. 

6.  The interactions between hydraulic and natural fractures were simulated 
using the proposed Displacement Discontinuity Method (DDM) numeri-
cal model. Based on the numerical experiment, pre-existing discontinui-
ties with low dip angles can arrest the propagating sub-horizontal hydrau-
lic fracture that could potentially hinder the thermal performance of the 
FTES systems. 

 
In conclusion, the five objectives of this research were reached: the optimal 

storage method for a solar community was selected, a numerical model for sim-
ulation of BTES developed, improvements in BTES design suggested, a numer-
ical model for simulation of hydraulic fracturing in fractured rocks developed, 
and the interactions between hydraulic and natural fractures were simulated. 
The results contribute to the development of the state-of-the-art of under-
ground thermal energy storage methods in a hard rock environment. Based on 
the results of this dissertation, the following future research is recommended: 

 
1. Improve the HTiP numerical approach to model large BTES systems, 
2. Determine the influence of different BHE types on thermal performance 

and cost of BTES, 
3. Ascertain the influence of fractures and groundwater flow in fractures on 

the thermal performance of the BTES, 
4. Perform 3D simulations of fracture propagation in fractured rock with 

multiple fracture sets, 
5. Determine the thermal performance as well as the detailed cost of FTES 

method in various design configurations.
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