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Abstract

In regions with significant heating requirements, the effective utilization of waste heat
from industrial processes becomes crucial for sustainable energy practices in buildings.
Norway, possessing an extensive district heating infrastructure and substantial combined
heat and power generation, encounters challenges in maximizing the use of excess heat
during the summer months despite its temperate climate. The constant operation of waste
incineration plants, irrespective of weather conditions, necessitates thoughtful considera-
tion for long-term heat storage solutions. Presently, a large variety of seasonal thermal
energy storage technologies exist but the most convenient are the ones based on the ex-
ploitation of geothermal energy resources.
This study uses dynamic simulations performed with MATLAB software to assess the
viability of integrating excess heat from waste incineration into the conventional district
heating system of a newly developed residential areas.
Seasonal thermal energy storage has been modelled by using an analytical model for ver-
tical borehole thermal energy storage.
Since this analysis is restricted to the design phase, main results concern the plot of the
storage and operating fluid temperatures, the positive effect the storage has on the re-
duction of heat supplied by the waste incineration plant and the supply and the return
temperature of the low temperature district heating.
Thus, thanks to this study this solution represents a valuable technology to store a suffi-
cient amount of energy for district heating systems connected to waste incineration plants
at high latitudes.
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Chapter 1

Introduction

The world is currently facing a critical juncture in its history, where the urgent need of
transition to sustainable and renewable sources of energy has never been more apparent.
As we tackle with the challenges of climate change, environmental degradation and the
increasing energy demand for heating and cooling purposes, it has become imperative to
explore and harness energy resources that have a minimal impact on the planet. In this
context, geothermal energy emerges as a compelling and largely powerful solution to meet
our energy needs while simultaneously addressing the pressing issues of our time.

Geothermal energy, derived from the Earth’s internal heat, is recognized for its large
potential as a renewable and environmentally friendly source of power. Unlike fossil fuels,
geothermal energy offers a continuous and reliable energy supply that is not subject to
weather conditions or to the stability of sunlight and wind. It is a baseload energy source,
capable to provide a huge amount of power, making it an ideal candidate for the transition
to a sustainable and low-carbon energy landscape.

Beyond a general examination of geothermal energy, the aim of this thesis is to focus
on the modeling and analysis of a geothermal long-term thermal energy storage system
(BTES) coupled with a low-temperature district heating network in Norway.
In this context, Norway is known for its rich geothermal resources and commitment to
sustainability.

The integrated BTES and district heating system under investigation in this thesis repre-
sents a cutting-edge approach to harnessing geothermal energy. By modeling the intricate
dynamics of this system, the aim is to provide valuable insights into its efficiency, sus-
tainability, and potential for widespread adoption. Additionally, it is analyzed how this
specific application of geothermal energy can play a pivotal role in Norway’s energy tran-
sition, a country renowned for its commitment to renewable energy development.
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In the following chapters, the aim is to deeply explore the technical aspects of geothermal
thermal energy storage, the operation of low-temperature district heating networks, and
the challenges and opportunities inherent in coupling these technologies. This research
seeks to contribute to the understanding of how a combined BTES and district heating
system can become an integral part of the global effort to reduce greenhouse gas emissions
and face climate change.

At the end of the analysis, it will be more evident that geothermal energy, coupled with in-
novative storage solutions, play a crucial role in shaping the future of our energy landscape.
The transition to such systems represents a tangible step towards a more sustainable and
resilient energy future, and this thesis seeks to shed light on the path forward, with
Norway serving as a beacon of inspiration in the pursuit of renewable energy excellence.

1.1 Aim and Objectives

1. Validation of the analytical method used for BTES modeling.
Claesson and Javed proposed a new method to be adopted for modeling the long-
term response of a BHE. In this first stage, the algorithm implemented must return
the same trend and the same value of the response function observed by Claesson
and Javed.

2. Evaluation of the effective borehole thermal resistance Rb.
Rb is a crucial parameter used in BHEs modeling to quantify the amount of losses
present inside each single heat exchanger.

3. Evaluation of the average borehole wall temperature Tb and average fluid
temperature Tf .
Once the model for the thermal response function has been correctly validated it is
possible to evaluate Tb and Tf through the Load Aggregation Algorithm.

4. Sensitivity Analysis development.
The borehole wall temperature and average fluid temperature inside the storage
have been calculated by ranging the main storage parameters one-at-a-time and
evaluating the system performance.

5. Evaluation of long-term BTES development.
Simulations are performed over an extended period of time from 5 years to 25 years
analyzing different scenarios: only charging for 5 years or charging for the beginning
5 years and charging and discharging for the remaining 20 years.
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6. Evaluation of thermal losses inside the storage.
The aim of this section is to estimate which of the main design parameter has a
worsening effect on the system performance.

7. Evaluation of the effect of a variable COP on storage temperatures.
The goal of this section is to analyze the effect of a variable HP’s COP on system
performance.

1.2 Limitations

The aim of this study is to provide a valuable insights of the long-term storing technolo-
gies connected to the LT-DH network but it is important to acknowledge its limitations.
Recognizing the boundaries of the methodology proposed in the following chapters is nec-
essary for the correct understanding of the results obtained from this study.
Potential areas of improvement for these limitations are presented in Chapter 8.

Going more in depth, the most problematic aspects to discuss are related to the modeling
of the BTES itself and to the model of the HP.
As far as the BTES is concerned, main restrictions are linked to the accuracy of the tem-
perature profiles obtained from MATLAB simulations. Since data provided are monthly-
based, it is possible to observe steep transitions from one month and the subsequent one
instead of smoothed ones in accordance with the development of the Load aggregation
algorithm.
To solve these problems, suitable hourly-based data should be provided and the storage
simulation should be developed with more sophisticated software as TRNSYS, COMSOL
or MODELICA.

Regarding the modeling of the HP, the main issue of this work is related to the steady-
state treatment of the HP itself and to the BTES modeling being heat flux based more
than temperature based. By using this approach it is not possible to have a real thermal
coupling between the storage system and the district heating network through the HP.
To obtain an overall dynamic model of the system the HP model must be expressed as
a function of the entering fluid temperatures to the heat pump [8]. This last approach
represents a valid and simplified solution in absence of data from manufacturers that not
always provide polynomial coefficients to build the regression model.

In conclusion, it is worth noting that the losses evaluation presented in Chapter 7 is only
a rough and not precise estimation.
To obtain more meticulous results the BTES model adopted should be adapted for the
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calculation of different parameters.
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Chapter 2

State of the Art

The state of the art chapter serves as a comprehensive review of previous studies, research
and advancements in the field of borehole seasonal thermal energy storage systems. By
examining the existing literature and studies, this chapter aims to provide a deep under-
standing of the current knowledge, trends, and gaps in the domain. Through a systematic
exploration of relevant academic publications, this chapter offers valuable insights into the
evolution of system development and BTES modeling techniques highlighting key discov-
eries, methodologies and theoretical frameworks employed by researchers in the past.

Furthermore, this chapter critically evaluates the strengths and limitations of existing
research methodologies, identifies emerging trends and areas of innovation, and discusses
unresolved questions and avenues for future exploration. By synthesizing and analyzing
a wide range of scholarly works, this chapter lays the groundwork for the subsequent
empirical investigation and theoretical development presented in the remainder of the
thesis.

Besides articles and reviews on the topic, this chapter is mainly focused on the analysis of
two master theses works developed at NTNU because they accurately reflect the specific
situation present in Trondheim. Moreover, the aim of that theses is to provide detailed
information on how BTES should be dynamically modelled when connected to other small
subsystems.
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2.1 Previous Works

2.1.1 Vilde Eikeskog: Analyses and Evaluation of the Heat Pump

Based Energy Supply System Integrating Short- and Long-

Term Storages

In this thesis, the analysis of the entire system is carried out by considering three main
units that are the long-term BTES, the short-term water storage tank and the GSHP.
Firstly, they are modelled separately and then they are connected to analyze the behavior
of the thermal energy system for the evaluation of the main performance parameters.
Mainly, the approach involved in this thesis is a dynamic-state model and only for the
heat pump a regression model is developed.
Modeling is performed on MATLAB software.

To start with it is noticeable to highlight that in this project the system works in three
different operating modes: heating mode, cooling mode and free cooling mode. In par-
ticular, being focused on the load analysis the specific operating condition between the
three previously listed is decided according to the comparison between the heating and
the cooling demand. Specifically, the system operates in heating mode when the heating
demand is higher than the cooling demand, it operates in cooling mode when the cooling
demand is larger than the heating demand while the free heating mode is realized when
the heating demand is zero and the cooling demand can be fully covered by the BTES.
It is worth noting that as it can be expected the system layout changes according to the
operating mode.

Focusing on the BTES sub-system model, this thesis present some bottlenecks:

1. The borehole configuration is modelled considering the storage system as a control
volume and applying the dynamic-state energy balance equation to it.

2. The sizing phase of the BTES has been realized by using a rule-of-thumb approach
to evaluate the approximated number of borehole and the total length.

3. The size of the BTES has been carried out according to the heat pump parameters
and ground properties only.

4. Mutual interactions between BHEs are not taken into consideration in this model.

Since for the BHEs a specific modeling resolution is not employed and since the sizing
involves simplifications and assumptions, it is possible to derive that the results of the
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temperature differences in the storage generated by the simulations are poorly realistic.
Possibly, reasons of this behavior can be related to the overestimation of the size of the
storage volume and to the merging effect of the fluid flow rate of each single borehole in
a single large flow rate.
Thus, it can be deduced that the results obtained are generic for a thermal energy storage
but not specific for BTES.

2.1.2 Fredrik Schmidt: Large Scale Heat Storage for District

Heating

This work is focused on the analysis and the evaluation of the potential of HT-BTES
considering not only its monthly operation but also the effects of nightboosting. In fact,
as the results have shown this effect is responsible for a significant increase of the heat
carrier fluid temperature and in general HT-BTES is the most suitable technology as
seasonal thermal energy storage to be integrated with industrial waste heat to increase
energy efficiency of heat production and to be coupled with LT-DH network to meet
energy demand.

It is worth noting that in this thesis the analysis has been carried on on MATLAB for a
first evaluation of the borehole thermal capacity and then, on TRNSYS as a comparative
study being this software more accurate.

The storage system modeling has been performed by following different steps and making
these specific assumptions:

1. Firstly, steady-state heat losses from a HT-BTES have been evaluated. Particularly,
the effects of temperature levels, size and surface insulation have been analyzed to
assess their impact on system performance.

2. Secondly, the shape of the storage systems is assumed to be cylindrical.

3. Then, load cycles for charging and discharging seasons on long-term and nightboost-
ing analysis are evaluated a priori by choosing specific periods and time-slots.

4. Additionally, the storage capacity has been assumed to be equal to the amount of
available excess heat during the charging period while the discharged energy yearly
based is obtained as the difference between the storage capacity and the steady-state
heat losses previously evaluated.

5. In order to perform a monthly based analysis, a monthly fraction is calculated for
both the operating mode of the BTES according to the excess of heat production
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from WIP. Once, this analysis has been carried out, the monthly injected or ex-
tracted energy is calculated as product between the fractions and the total injected
or extracted energy.

6. Finally, the sensitivity analysis has been performed in order to assess the impact of
top surface insulation and ground thermal conductivity on the system performance.

From this work, results have shown that the nightboosting operation is highly potential
if operated during the hours of the day when the heating demand is low.
The storage capacity has a significant impact on system performance: in particular, by
increasing the capacity it is possible to observe a decrease of the temperature difference
between the maximum and minimum average storage temperature.

The sensitivity analysis has shown that top surface insulation and ground thermal conduc-
tivity are the two parameters that mostly affect the system performances. If on one hand,
by removing the top surface insulation the annual average storage temperature declines
because of the increase of the heat losses. On the other hand, low values of ground ther-
mal conductivity decrease heat losses but increase the ground thermal resistance. Thus,
it is possible to conclude that a higher temperature difference between the heat carrier
fluid and ground temperature is highly desirable.

Limitations must also be included.

1. Firstly, the analyses performed on the different plants are applied to base cases and
not to optimized plant. In particular, in case more specific data can be obtained
from specific tests, the HT-BTES must be optimized according to specific indicators
and in accordance with economic evaluations.

2. Secondly, heat pump and district heating models must be deeply analysed by using
specific tools.

3. Then, even during nightboosting operating mode the heat rate extracted from the
ground should be adjusted according to the demand from LT-DH network and not
fixed a priori.

4. Finally, the HT-BTES requires a more specific modeling able to relate the operations
of all the subsystems including the WIP, the LT-DH and the storage itself.
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Chapter 3

Theory

In this section the main theoretical aspects regarding the borehole thermal energy storage
and the low temperature district heating network will be presented.

3.1 Low Temperature District Heating Systems

The existing district heating systems, belonging to the second and third generation with
temperatures ranging from 80 to 100°C, are encountering significant issues.
In low-energy buildings, the demand for heating at high temperature levels is diminishing.
In fact, the use of high temperatures brings challenges in harnessing renewable energy
sources and waste heat. Especially in areas with low heat density, the competitiveness
of the DH systems is decreasing due to the higher share of distribution losses in the
total heat demand. Thus, to enhance competitiveness in regions with low heat densities
and low-energy buildings, minimizing heat losses is crucial for achieving high DH system
efficiency [9].

In Norway, heat losses typically range from 8-15% of the delivered heat.
Low supply temperatures have the advantage of reducing the temperature difference be-
tween the pipe and the ground, thereby diminishing heat losses to the ground and po-
tentially reducing insulation requirements in specific DH areas. LT-DH systems present
better opportunities for utilizing waste heat and renewable heat sources, along with lower
distribution losses. However, transitioning to LT-DH faces challenges such as high return
temperatures and a low temperature difference between the supply and return tempera-
tures in the network [9].

Especially in Northern Europe countries, several successful LT-DH projects have been
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implemented.
In Lystrup, Denmark, seven low-energy buildings were connected to LT-DH to reduce dis-
tribution losses. This process involved measures like reducing pipeline dimensions, setting
the supply distribution temperature to 55°C and the return one to 25°C, and using twin
pipes. In addition, two substations equipped with storage tanks and high heat output
heat exchangers were implemented resulting in a 75% reduction in energy use compared
to traditional DH systems.
In Albertslund, Denmark, a LT-DH network was introduced for refurbished houses, achiev-
ing a 62% reduction in distribution heat losses.
In Chalvey, England, a small-scale LT-DH network supplying ten zero-emission houses
demonstrated the integration of renewable energies, achieving good results in distribution
loss savings, low temperature heat production, and customer satisfaction [9].

In Norway, new buildings are constructed with high standards, leading to reduced space
heating demands and a decreasing demand density in the DH network. Therefore, the
transition to 4th generation is preferred to diminish heat losses and optimize the utilization
of renewable and waste heat sources [10].

3.2 Borehole Thermal Energy Storage

BTES belongs to the category of long-term sensible thermal energy storage systems.
Generally, sensible thermal storage acquires energy by rising or lowering the temperature
of a medium with finite heat capacitance, typically water.
In long-term thermal energy storage systems, energy is stored seasonally in various media
and it is exploited during periods of high heating demand and/or limited energy avail-
ability, especially in domestic applications [11].

Borehole thermal energy storage systems store thermal energy by varying the temperature
of a medium, commonly water, with finite heat capacitance.
These systems utilize soil and rock as a thermal medium, making them a versatile choice
for seasonal storage compared to specific formations required by alternative systems such
as ATES and GWTES [12].

It is worth noting that temperature variation can impact the performance of BTES.
Limitations related to these systems include comparatively higher heat losses than insu-
lated water tank or gravel tank systems and the drilling costs associated with the borehole
field.
Regarding this last aspect, it has been noticed that drilling costs for the BHEs installation
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considerably exceed that of ATES configurations [12].

To deeply understand the advantages of employing this storing technique it is important
to operate a comparison between BTES and other powerful technologies.
In particular, it is worth analyzing main differences between BTES and batteries as storing
technique.
If on one hand, BTES offers an attractive solution due to its reduced unit storage size and
increasing energy return throughout its lifespan. On the other hand, batteries as storing
technology have limited longevity due to the chemical reactions realized inside them.
Moreover, while the batteries costs ranges’ are a rip-off for medium and large storage
applications, BTES energy storage can lead to a substantial money saving. In this context,
it is crucial to emphasize that BTES stores thermal energy and not electrical energy,
resulting in significantly different capital costs [13].

Figure 3.1: Single BHE configuration

3.2.1 BTES Operating Principles

A BTES system is a system characterized by multiple boreholes arranged in a specific
pattern. Each borehole is equipped with a BHE, responsible for injecting heat into the
ground during the summer and extracting heat during the winter.
The heat transfer mechanism is realized by making a heat carrier fluid circulate through
the BHEs themselves [14].
Traditionally, these systems are built in a vertical borehole and filled with groundwater
or other highly efficient backfilling materials [15].
The BTES design can widely vary ranging from few BHEs, for a single building, to a large
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field of BHEs for an entire district.
The sizing of borehole field for domestic applications is influenced by heating and cooling
loads [16].

The delivered heat can be supplied directly, or, depending on the temperature level in the
BTES, it may be boosted through a HP or another auxiliary heater.
In this way, during summer the ground acts as a heat sink when the heating demand
corresponds to the DHW demand, while the cooling heat rejection acts as a charging
source [17].
Additionally, if the BTES temperature is sufficiently low it can also serve for cooling
purposes during the summer.
During winter, BTES operation are reversed. In fact, the ground operates as an heat
source. For this reason, the amount of heat extracted is used to fulfill the demand from
the district heating network.

As the traditional storage systems, BTES can operate in both charging and discharging
mode.
The decision is strictly influenced by the heating demand from the LT-DH network and
the amount of waste heat coming from the waste incineration plant.

It is important to notice that this master thesis will specifically focus on HT-BTES systems
for heating purpose while BTES operations for cooling purposes are not investigated.

Figure 3.2: Seasonal heat storage principle using BTES during summer (right) and winter
(left) [1]
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3.2.2 BHE Layout and Material

The ground heat exchanger can be installed either horizontally in trenches or vertically
in boreholes.
Mainly, vertical ground heat exchanger configurations are categorized by their cross-
sectional geometry in U-tubes and coaxial tubes [18].
Figure 3.3 graphically shows the difference between U-tube and coaxial configuration.

Figure 3.3: BHE layouts

Commercially, the U-tube type heat exchanges have a diameter that ranges from 1.9 cm

to 5.1 cm and normally they are realized with high-density polyethylene [19].
Typically, U-tube BHEs type are integrated in a more complex system. Mostly, they are
coupled to a GSHP as shown in figure 3.4.
The presence of a heat pump is necessary especially during the storage discharging season
to increase the outlet storage temperature to the district heating required temperature.

The working principle of the GSHP is based on the presence of a operating fluid, typi-
cally water or a water/glycol solution, that circulates through the ground loop and the
refrigerant-to-water heat exchanger to facilitate heat exchange between the ground and
the refrigerant.
During the cooling season, the water carries heat away from the condenser dissipating it
into the ground through the U-tube.
During the heating season, the fluid circulates through the ground loop to extract heat
from the ground itself and transfer it to the evaporator [19].
Thus, one of the main advantages of a GSHP is that it can be reversed according to the
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storage operating mode.

As far as the borehole field arrangement is concerned, it is important to notice that the
different BHEs’ layout affects the borehole thermal parameters: e.g. the borehole thermal
resistance Rb and the thermal response function [19].

Figure 3.4: U-tube BHE coupled to a GSHP

3.2.3 Heat Source for BHEs

The potential heat sources for a BTES system are various but the selection depends on
the desired temperature level to be reached inside the storage.
In the context of existing HT-BTES systems, the prevailing choices for heat sources are
primarily solar thermal collectors and industrial waste heat [20].

The heat source plays a pivotal role in determining the appropriate size for the HT-BTES
system. In fact, the chosen heat source can impose limitations on both the available
amount of energy and the temperature level achievable in the storage.
Besides the heat source other constraints are imposed by the specific material used to
fabricate the BHEs.
In this context, according to the current technologies the maximum charging temperature
is assessed around 95°C [21].

A critical consideration in selecting the heat source is the existence of seasonal variations
in both demand and supply. Additionally, the reliability of the HT-BTES system hinges
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on the dependability of the chosen heat source for injecting energy into the system.

In this thesis, the chosen heat source is represented by the waste heat produced from a
waste incineration plant.

3.3 Heat Transfer Processes in BHE

Modeling the heat transfer within a ground heat exchanger and its interaction with the
surrounding soil presents complex challenges.
Beyond the structural and geometrical aspects of the heat exchanger itself, several factors
influence its performance.
In this context, the main affecting elements are ground temperature distribution, soil
moisture content, thermal properties of the soil, groundwater movement and potential
freezing phenomena in the soil.
Thus, it becomes imperative to develop suitable tools capable of assessing and optimizing
the thermal behavior of GCHP systems especially on technical perspectives [22].

To pursue these purposes, a thermal analysis should be carried out.
In particular, it is fundamental to clearly understand the heat conduction process within
a single borehole between the heat carrier fluid and the borehole wall.
Then, the heat transfer between the borehole and the soil surrounding the borehole has to
be analyzed, and finally, the analysis of the global process within the field with multiple
boreholes is executed using the superimposition principle [1].
The previous analysis, is deeply examinated in this thesis being the design phase necessary
to assure the maintenance of acceptable limits for temperature rise in both the ground
and the circulating fluid over the system’s lifespan.

The heat transfer process in the GHE spans months or even years and, for this reason, it
has a transient nature.
The heat transfer process begins with the thermal analysis of the single borehole in which
conduction and convection are the prevailing heat transfer mechanisms.
The heat is then transferred towards the surrounding soil and finally, to the surrounding
boreholes.
This last process is fundamental because it is responsible for an increase of the whole
storage temperature.
Heat losses should also be considered and they are caused by the high temperatures inside
the boreholes and the relatively low temperature of the surrounding soil.

To correctly carry out this analysis, some basic assumptions has to be done as suggested

16



by Hellstrőm (1989):

• Heat transfer in the ground is only by conduction.

• Thermal properties of the ground are kept constant.

It is important to note that each heat transfer process requires a distinct modeling ap-
proach.
Typically, for the initial process the one-dimensional line-source or cylindrical-source the-
ory is employed, taking into account that the depth of the borehole significantly exceeds
its diameter. Subsequently, a long-term analysis is carried out. In this context, a two-
dimensional model as the finite line-source is also employed to address axial heat flow in
the ground.
Finally, the ultimate analysis aims to verify the inlet and outlet temperatures of the cir-
culating fluid based on the borehole wall temperature and its heat flow. Typically, the
heat transfer in this region is frequently simplified as a steady-state process, which has
proven to be suitable for most engineering applications, barring dynamic responses within
few hours [22].

This thermal analysis is crucial to estimate an important factor that is the borehole
thermal resistance Rb.
Borehole thermal resistance is influenced by parameters such as the composition and
flow rate of the circulating fluid, borehole diameter, the presence or absence of grouting
material, U-tube material and the arrangement of flow channels.

3.3.1 Thermal Processes Analysis

As highlighted by Nordell (1994), three are the thermal processes to be considered:

1. Heat transfer between the heat carrier fluid and the borehole wall

The examination of this process involves the consideration of borehole thermal re-
sistance.
It is important to note that the heat capacity of the materials involved is relatively
limited.
Consequently, capacity effects manifest only during short-term variations. Thus, the
analysis of borehole thermal resistance is conducted under steady-state conditions.

2. Heat transfer between the borehole and the surrounding ground
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This is a local process and it also involves the analysis of thermal interactions be-
tween adjacent boreholes. The rate of heat transferred is established by considering
the temperature difference between the heat carrier fluid and the average tempera-
ture of the surrounding ground.
This phenomenon is responsible for the rising of an additional thermal resistance
within the surrounding ground which effects have to be added to the overall borehole
thermal resistance.

3. Heat transfer between the borehole field and the surrounding ground

The extensive heat transfer occurring between the storage volume and the surround-
ing ground is known as the global process.
The primary objective of the global analysis is to compute heat losses at the storage
boundary throughout a complete storage cycle.
The global process relies on the average storage temperature and does not delve
into short-term temperatures’ effects. This is because heat losses is contingent on
fluctuations in the average storage temperature around the storage boundaries.
Following the transient thermal buildup of the HT-BTES, heat losses are attributed
to both periodic temperature variations and to the annual average storage temper-
ature. The net impact of the periodic component is assumed to be zero, allowing
the calculation of annual heat loss only evaluating the annual average storage tem-
perature.

3.4 Local Thermal Process

This process is based on the analysis of the volume of the surrounding ground around the
various BHEs.
Specifically, the volume of surrounding ground around each borehole in the local thermal
process depends on the borehole pattern.
Different patterns have distinct cross-sectional areas for the local ground region, indicated
as Ap.

Figure 3.5 illustrates hexagonal and rectangular borehole patterns along with their re-
spective local ground regions.
The temperature in the region Ap is the local average temperature Tm.
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Figure 3.5: Borehole patterns [2]

As previously analyzed by Schmidt (2020), various theories can be employed to examine
the local thermal process to calculate the injection rate q.
As suggested by Hellström (1991) there are three scenarios: step-pulses variation, periodic
variation and steady-flux regime.
The advantage of all the preceding concepts is that it is possible to establish a relation
between the rate q and the temperature difference Tf - Tm [1] [2].

3.4.1 Steady-flux Regime

A steady-flux regime occurs when the injection or extraction rate remain constant for an
extended duration.
In particular, the temperature difference between the heat carrier fluid and the local
average temperature remains constant [2].
The symmetry of the borehole pattern and local ground region results in a zero heat
flux through the outer boundary of the local ground region itself. Consequently, the
temperature field’s shape remains unchanged over time following an initial transient period
[2].

3.4.2 Step-pulse Variation

This scenario occurs when the heat injection and extraction rate vary with time, so q is
expressed as a function of time q(t). The most important assumption for the step-pulse
analysis is that the injection and extraction rates should be approximated by a step-wise
constant value [2].
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A short-term fluctuation in temperature will consequently result in a combination of step
changes in the heat transfer rate, denoted as q(t).

3.4.3 Periodic Variation

An alternative to the step-pulse analysis is considering that the thermal process in the
BHE and local ground region comprises a steady-flux component and several superim-
posed periodic components [2].
The periodic component introduces the ground resistance of the local ground region, which
is a complex-valued quantity.

3.5 Global Thermal Process

The global process concerns the heat transfer between the storage volume and the sur-
rounding ground, and it comprises three distinct components that define the overall pro-
cess of an HT-BTES system: the transient build-up phase, the periodic variation during
an annual cycle and the steady-state component [2].
The effects of these three components are shown in figure 3.6.

The transient build-up phase is necessary to raise the temperature of the undisturbed
ground from its initial value to the operating temperature. During this preheating phase,
heat is only injected and not extracted. The duration of the transient thermal build-
up phase can range from 3 years to 6 years, depending on the storage capacity and the
annually injected energy [3].
The periodic variation results from the annual charging and discharging cycle when the
HT-BTES has reached its operating temperature. These periodic variations coexist with
a steady-state component as illustrated in figure 3.6.
The steady-state component is characterized by the annual average storage temperature
and the annual storage heat loss is calculated based on this temperature [2].

3.6 Borehole Thermal Resistance

Each thermal process can be modelled by referring to a specific thermal resistance and it
is possible to evaluate an overall thermal resistance that provides information about the
global heat transfer process.
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The thermal resistance within the borehole, particularly between the fluid in the U-tube
heat exchanger and the borehole wall, plays a crucial role in determining the performance
of a closed-loop borehole GHE.
In particular, high-efficiency systems are characterized by a low value of the borehole
thermal resistance [23].

Figure 3.6: Global process [3]
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Chapter 4

Method

This section performs a comparison between numerical and analytical methods used to
model the single borehole and the borehole field behavior even if only analytical method
is implemented in this thesis.
Analytical methods and models prove to be more advantageous than numerical methods
in advancing GHE technology.
On the other hand numerical methods, including finite-difference, finite-volume and finite-
element methods, offer comprehensive descriptions of the underlying physical mechanisms
but they are impractical for engineering applications.
As highlighted by Li et al. (2015) main limitations related to the implementation of
numerical models are:

1. Numerical methods are time consuming, especially for year-round and/or life-cycle
simulations, particularly in large applications where all time and space scales are
crucial and need to be addressed.

2. It is complex to develop a general grid generation program for various configurations
of ground channels. This procedure is particularly challenging for in-house program-
ming, making it difficult to create software for the analysis, design and simulation
of GHS and GCHPs.

3. Most numerical models in the literature are implemented in commercial software.
However, integrating commercial software into pre- and post-processing stages for
system simulation in a specific application is challenging. Additionally, designers
and engineers find it difficult to use computational fluid dynamics software.

As a consequence, it is preferable to adopt general design and simulation tools based on
analytical heat transfer models [4].
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4.1 Analytical Methods

Traditionally, borehole heat transfer research has primarily focused on assessing the long-
term response of borehole heat exchangers. In this context, various analytical methods,
including classical line and cylindrical source solutions proposed by Ingersoll (1954), have
been derived to model the evolution of ground temperature around the borehole.
Applying these solutions to represent borehole heat transfer introduces discrepancies.
These methods neglect the end effects of the heat sources and disregard the thermal
properties of borehole elements. Furthermore, inaccuracies arise in determining the short-
term response due to underlying assumptions about the geometry and the length of heat
sources [5].

Partially the previous problem was solved by Eskilson (1987).
Eskilson (1987) addressed some of these issues by employing the finite line-source approach
to develop non-dimensional thermal response solutions, known as G-functions. These
G-functions, derived through numerical analysis considering transient radial-axial heat
transfer in borehole heat exchangers. Moreover, they are valid for times exceeding 200
hours [24].
Eskilson also investigated thermal interactions between boreholes using a sophisticated
superposition of numerical solutions for each borehole.
However, the use of G-functions for determining borehole fluid temperature has limitations
and their computation is time-consuming.
Consequently, these functions are pre-computed and stored as databases in ground loop
design software for various borehole heat exchanger geometries and configurations [5].

Current studies have aimed at developing analytical and semi-analytical G-functions to
address flexibility concerns associated with numerically-developed G-functions.
Zeng et al. (2002) introduced an analytical G-function expression using a constant value
of borehole wall temperature at the middle of the finite line-source [5] [25].

In recent years, there has been a growing interest in calculating the short-term response
to optimize the design and performance of borehole heat exchangers. In this context, so-
lution has been provided by Yavuzturk (1999) that extended Eskilson’s work, developing
G-functions for times ranging from 2.5 minutes to 200 hours using a numerical approach.
Regarding the long-term response, the numerical and semi-analytical solutions used to
determine short-term response remain computationally intensive. Javed and Claesson
(2011) have recently introduced an analytical approach to determine the short-term re-
sponse of borehole heat exchangers [5].
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It is important to underline that analytical method is based on some fundamental as-
sumptions as pointed out by Li et al. (2015):

1. The ground is considered either infinite or semi-infinite in extent, depending on
whether the influence of the surface is taken into account [4].

2. The ground is initially characterized by a uniform temperature, referred to as the
effective undisturbed ground temperature. If the surface is considered, this initial
temperature can serve as a constant-temperature boundary condition (BC) for the
surface [4].

3. The boundary condition for the wall of the borehole or heat transfer pipe can be
either a constant flux or a constant temperature, with the constant-flux boundary
condition being more convenient [4].

4. In cases where the impact of groundwater seepage cannot be neglected, the flow is
typically assumed to be homogeneous and parallel to the surface. Despite the usual
layered and non homogeneous nature of the ground, it is often treated as a medium
with an equivalent thermal conductivity [4].

4.2 Analytical Method For A Single Borehole

4.2.1 G-function

During the first phase of the design of GHE two main interrogatives must be solved:

• Firstly, what is the heat transfer rate of a GHE over time, given a specific temper-
ature difference between the circulating fluid and the ground [26].

• Secondly, what is the temperature difference over time considering a required heat
exchange rate [26].

To start with, it is possible to provide a mathematical formulation of the entire problem
considering the following equation:

ql =
Tf (t)− Ts,0

R(t)
=

∆T

R(t)
(4.1)
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where Tf is the average temperature of the circulating fluid, Ts,0 is the undisturbed ground
temperature, ql is the heat transfer rate of the GHE per unit length W

m
and R(t) is the

total thermal resistance mK
W

.

R(t) in equation 4.1 is often an unknown variable that requires determination through
heat transfer analysis. Despite R(t) is time-dependent, analytical models commonly sepa-
rate it into a time-independent component and a time-dependent component, simplifying
the analysis. Therefore, one possible approach to assess existing models involves consid-
ering a time-scale context, where the constant part of R is evaluated based on specific
requirements.

The transient portion of R is frequently represented as G(t) and is commonly referred
to as the G-function. Minor differences exist among G-functions proposed by various
researchers [27][28].

The G-function was initially introduced in a dimensionless form by Ingersoll et al. (1954)
and was subsequently adopted and refined by Eskilson and Claesson and Eskilson [28]
[26]. The dimensionless form is widely favored for its facilitation of analysis and result
summary [4].
In this context, G-functions represent thermal response factors that provide dimension-
less temperature drop at the boreholes wall with a step variation for heat injection or
extraction rate [29].
In contrast, the G-function used in this context holds a distinct physical interpretation: it
has the dimensions of a thermal resistance and aligns entirely with the unit-step response
function defined in the principle of superposition [4]
. In other terms, the unsteady thermal resistance G can be conceptualized as the tem-
perature response in the ground resulting from a unit-step change in the heat flux, ql

[4].

Including the previous considerations, equation 4.1 can be written differently:

∆T = qlR(t) = ql[Rs +G(x, t)] (4.2)

where x indicates the physical coordinate of the point under analysis and Rs is the steady
component of the thermal resistance and it is a function of x.

As far as Tf is concerned, since it represents the average temperature of the ground loop
for simplification it is possible to assume that it is approximately equal to the average
fluid temperature.
Starting from Tf definition, the inlet Tf,i(t) and outlet temperature Tf,o(t) of the fluid
from the BHE are derived.
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The equations for Tf,i(t) and Tf,o(t) are the following:

Tf,i(t) = Tf (t) +
qlH

2ρfcfVf

(4.3)

Tf,o(t) = Tf (t)−
qlH

2ρfcfVf

(4.4)

where H is the BHE length, ρf is the density of the fluid, cf is the specific heat of the
fluid and Vf is the volumetric flow rate of the fluid.

The usage of the G-functions simplifies a lot the heat transfer model for BHE. More com-
plex models imply energy balance equations to be coupled with computational algorithms
as the finite difference method.

To sum up, some parameters must be evaluated to fully determine the thermal behavior
of the borehole GHE. In fact, if on one hand the process in the borehole is assumed to be
steady-state and the borehole thermal resistance Rb is the parameter adopted to model
this effect. On the other hand, the process outside the borehole is time-dependent and it
is modelled by the G-function [4].

4.2.2 G-function Procedure Development

To apply the G-function method the following procedure must be adopted:

1. estimation of Rb and G;

2. calculation of Tf , Tf,o and Tf,i.

To properly model the effective borehole thermal resistance Rb, heat transfer mechanisms
should be taken into consideration.

The heat transfer within a borehole is contingent upon the arrangement of flow channels,
the thermal characteristics of grouting materials and the surrounding ground. This local
thermal process involves three components [2]:

1. Convective heat transfer between the circulating fluid and the inner surface of the
U-shaped pipes.

2. Conductive heat transfer through the wall of the U-shaped pipe.

3. Conductive heat transfer through the backfill material.
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In this context, if the time t is higher than 5tb, where tb is the characteristic time associated
to the borehole, the thermal process in the borehole can approach a steady-state flux. In
this condition, the temperature difference between the fluid and the borehole wall remains
constant.
Under these circumstances, the three previous processes can be modelled by three constant
thermal resistances and their sum yields the effective fluid-to-ground thermal resistance
Rb [4].

According to what is suggested by Li et al. (2015), models for Rb can be divided into
empirical and theoretical.
For borehole GHE with U-shaped single pipe, the most important models can be sum-
marised in the table 4.1:

Models Expressions for Rb Comments

Empirical
model 1

Rb =
1

β0kb

(
rb
rp

)β1
This expression uses
the shape-factor con-
cept in heat conduc-
tion. The empiri-
cal coefficients are ob-
tained by fitting ex-
perimental data

Empirical
model 2

Rb =
1

2πkb
log

(
rb√
nrp

)
This is derived from
equivalent diameter
assumption. n de-
notes the number of
pipes in a borehole

Empirical
model 3

Rb =
1

2πkb
log

(
rb
rp

√
rp
D

)
This is for a GHE
with a single U-shaped
pipe. It is also derived
from the equivalent-
diameter assumption

Two-
dimensional
models

Rb =
1

4πkb

(
log

(
r2b

2Dro

(
r4b

r4b−D4

)σ

− η
))

+Rp

2
The influence of ks is
represented by the di-
mensionless ratio r. η
is equal to 0 or prop-
erly calculated being
derived by the multi-
pole method

Quasi-
three-
dimensional
models

Rb =
H

ρf cfVf

(
Tf,i−Tb

Tf,i−Tf,o
− 1

2

)
Tf,o is obtained by
solving energy equa-
tions for up- and
down-flow channels

Table 4.1: Models for the effective borehole thermal resistance for borehole GHE [4]
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As far as empirical models are concerned, they are typically one-dimensional models, treat-
ing the U-shaped pipe as a pipe with an "equivalent" diameter. This assumption simplifies
a two-dimensional geometric region into a concentric annular region, thereby transforming
a complex multi-dimensional problem into a more manageable one-dimensional one [19].
As suggested by Gu et al. (1998) and by Shonder et al. (2000), possible expressions for
the equivalent radius are:

req = 0.414 · ro + 0.5 · shank (4.5)

req =
√
shank · ro (4.6)

req =
√
2 · ro (4.7)

where ro is the U-tube external radius and the variable shank is used to indicate the
U-tube shank spacing.

Not rarely empirical models involve several empirical constants, determined by fitting
experimental or computational data to the model for a specific geometric arrangement
[30].
Although widely used for their simplicity, empirical models offer limited insight into the
fundamental heat transfer processes, making generalization challenging.

Theoretical models, instead, can be categorized into two-dimensional and quasi-three-
dimensional models. A Swedish research group proposed two two-dimensional models:

• one is derived from the steady-state line-source assumption

• the other is based on a multipole method.

The distinction between them lies in the dimensionless variables calculated through dif-
ferent methods.

As described by Li et al. (2015), to build-up the two-dimensional model all the boreholes’
equations must be evaluated considering the two-dimensional model applied to the defi-
nition of the steady-state borehole thermal resistance.
Thus, firstly Rb is calculated according to equation 4.8:

Rb =
1

4πkb

[
ln

r2b
2Dro

(
r4b

r4b −D4

)σ

− η

]
+

Rp

2
(4.8)

where kb is the thermal resistance of the backfilling material, D is half of the shank spacing
between two adjacent boreholes, ro is the external radius of the U-tube pipe, σ = kb−ks

kb+ks
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with ks that is the thermal conductivity of the ground and η for a single U-tube pipe
is 0 and Rp is the thermal resistance of the pipe and it accounts for two heat transfer
mechanism [4]:

1. convection between the circulating fluid and the inner surface of the U-shaped pipe;

2. conduction between the wall of the U-shaped pipe.

Considering the previous points, Rp is defined as:

Rp =
1

2πkp
ln

ro
ri

+
1

2πriα
(4.9)

where kp is the thermal conductivity of the U-tube pipe, ri is the internal radius of the
U-tube pipe and α is the convective heat transfer coefficient of the fluid inside the U-tube.

The evaluation of α can be reduced to the Dittus-Boelter correlation:

Nu =
2αri
kf

= 0.023Re4/5Prn (4.10)

where kf is the thermal conductivity of the fluid inside the U-tube and n is 0.4 when
the fluid is heated and 0.3 when the fluid is cooled. Moreover, the previous equation is
suitable when 0.7 < Pr < 120 and 2500 < Re < 124000.
It is worth mentioning that even if the estimation of α is not precise Rb is not highly
affected because its effects on the overall thermal resistance Rb are negligible [31].

Empirical models and two-dimensional theoretical models focus on local heat exchange at
a specific depth but overlook the temperature variation in the fluid within the downward
and upward channels. To address this variability, Hellstrom introduced two quasi-three-
dimensional models for Rb one incorporating a uniform-flux boundary condition for the
borehole wall and another employing a uniform-temperature BC [2].

Finally, it is important to observe that all the models for Rb are valid only for values of time
t > 5tb, indicating the achievement of a steady-flux state in the borehole. These models
are commonly employed in conjunction with a G-function for the thermal process outside
the borehole. Consequently, regardless of the specific G-function used, the conventional
approach becomes inappropriate for t < 5tb when dealing with a rapidly fluctuating heat
flux [4].

Once Rb has been evaluated it is possible to calculate the G-function.
Even in this case several models can be provided according to the accuracy that would
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be reached.
In this context, different models exist: Infinite cylindrical-surface source model, Infi-
nite line-source model, Finite line-source model, Infinite moving line-source model,Infinite
phase-change line-source model.
It is worth noting that each model has its advantages and disadvantages and they can be
applied under specific circumstances.
Mathematical expressions for the specific G-functions are presented by Li et al. (2015).

Independently on the model chosen, the ground can be treated as an infinite medium.
Thus, heat transfer outside the borehole can be approximated as heat conduction in an
infinite region bounded internally by the borehole wall, subject to either a constant flux
or temperature boundary condition.
Carslaw and Jaeger utilized the Laplace transform method to address this, leading to the
development of the infinite cylindrical-surface source model [32].
Additionally, Ingersoll et al. (1954) provided a formulation of the G-functions for buried
pipe while Kavanaugh et al. (1990) used to develop the infinite cylindrical-surface source
model [33] [26].

The solution provided by Carslaw and Jaeger can be mathematically expressed as:

Ts(t, rb) = Ts,0 + qlG(t, rb) (4.11)

where the G-function is calculated according to what is indicated in table 4.1 or for high
values of αst

r2b
, where αs is the thermal conductivity of the ground, the G-function has the

following expression:

G(r, t) =
1

4πks

[
ln

4αst

r2
− γ +

r2

2αst

(
ln

4αst

r2
− γ + 1

)]
(4.12)

where γ = 0.5772 is the Euler’s constant.

If the radius of the borehole in a GHE is assumed to be typically small compared to its
length, the borehole can be approximated to a line of infinite length.
This approach is known as the infinite line-source model.
The primary difference from the cylindrical-surface source model is the treatment of the
boundary condition in correspondence of the borehole wall (r = rb).
The solution to this model for the G-function is given in figure 4.1, while Ts(t, rb) can be
calculated in the same way proposed by Carslaw and Jaeger.
For high values of αst

r2b
the exponential integral E1 can be approximated by:

1

4πks
E1

(
r2b
4αst

)
=

1

4πks

(
ln

4αst

r2
− γ

)
(4.13)
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Although the previous two models are widely used for their simplicity, they have limita-
tions in terms of time scale [4].

These limitations, born from the assumptions of the specific model, make the two models
be unsuitable for small periods and unable to predict GHE responses in the long-term
period.
In particular, the effect of the ground surface has an impact on long-term temperature
variations especially when heating and cooling loads differ from each other. When they ac-
cumulate, they can cause the average ground temperature to increase or decrease because
the heat transfer to the ground surface becomes significant [4].

4.2.3 Short-Term and Long-Term Response

Short-term temperature fluctuations play a crucial role in the design, optimization and
energy analysis of GCHPs [34].
The dynamic nature of heating and cooling loads in buildings, driven by factors like
weather and occupancy variations and activities, results in continuous hourly variations
that can be responsible of the induction of high-frequency fluctuations in ground loop
temperatures [4].
According to Spitler et al. (1999) the supply and return temperatures of a ground loop
can fluctuate up to 5.6 ◦C to 10 ◦C within a single day [24].
However, predicting high-frequency responses poses greater challenges than low-frequency
responses due to the need to account for borehole heat capacity, involving transient heat
conduction in a composite medium and considering various U-shaped tube configurations
[27].
In this context, conventional analytical methods often fall short in meeting this challenge
and numerical methods are commonly employed to address high-frequency responses [4].

Another approach to model the short-term response of a GHE involves simplifying the
geometrical arrangement in the borehole [35].
Many short-term analytical models adopt the equivalent-diameter assumption, which
transforms a complex geometry problem into one involving a relatively simple hollow
cylindrical composite region [4].

An alternative method for modeling the short-term response of a GHE is based on Jaeger’s
instantaneous line-source solution for a cylindrical composite medium. This method ad-
dresses challenges related not only to composite media but also to the geometric con-
figuration of heat exchange channels, encompassing single and double U-shaped tubes,
W-shaped channels and helical coils [27] [36].
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Despite its complexity, this model, belonging to the group of infinite line-source models,
provides a valuable tool for short-term predictions, being suitable for different geometrical
configurations [4].
However, this approach is not appropriate for predicting long-term thermal processes in
cases where there is an unbalance between heat injection and extraction in the GHE [4].

4.2.4 Comparison of Various G-functions

According to the analysis carried out by Li et al. (2015), it is possible to operate a compar-
ison between six analytical G-functions employed to compute the temperature response
to a unit-step heat transfer rate (ql = 1W

m
) for a single U-tube borehole GHE.

These functions include the infinite cylindrical-surface source model (equation 4.11), the
infinite line-source model (equation 4.11), the simplified infinite line-source model (equa-
tion 4.7), two finite line-source models and the composite-medium line-source model.
Graphically, comparisons between different G-functions are summarized in figure 4.1:

Figure 4.1: Comparison between different behaviors for the different G-functions [4]
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Figure 4.1 illustrates the calculated temperature responses and the input parameters.
The time range extends up to 100 years and is divided into three sub-intervals: short-time
scale, medium-time scale and long-time scale. Thermal responses are reasonably consis-
tent in the medium range, covering several hours to one year [4].
In the long-term response, all models assuming an infinitely long borehole yield are char-
acterized by temperature responses that increase to infinity, while the finite line-source
models show temperatures approaching a steady state. This suggests that the use of an
infinitely long model results in an overestimation of temperature variation, leading to a
more conservative borehole GHE design, despite the unavailability of long-term experi-
mental data [4].

It is worth emphasising that figure 4.1 highlights a significant difference in the calcu-
lated short-term responses. Conventional models using steady-state thermal resistance,
as infinite cylindrical-surface model, conventional infinite and finite line-source models,
produce temperatures noticeably higher than those predicted by the composite-medium
line-source model. This difference arises due to the neglect of the heat capacity of the
grouting material in the borehole [4].

In conclusion, all examined models can be used to predict medium-term temperature re-
sponses. The composite-medium line-source model or similar models addressing borehole
heat capacity should be employed for short-term responses, while the finite line-source
models are suitable for long-term predictions [37].
However, these models, designed for a single-borehole GHE, cannot handle thermal inter-
actions among GHEs [4].
For these reasons, for a more detailed system’s design BTES model should match the
finite-line source and the interactions among BHEs in the same model.

4.3 Analytical Method for Borehole Field

To handle the thermal interactions among the BHEs field, Claesson and Javed (2011)
proposed a new method starting from the Laplace transformations and aimed to model
the long-term response.

In this context, the long-term step response is derived from a continuous line heat source
with a strength of q0

(
W
m

)
along the borehole at x = 0, y = 0, and D < z < D+H, where

D is the buried depth and H is the borehole length.
The initial ground temperature is zero and the heat emission begins at t = 0. The solution
is obtained by integrating a point heat source along the borehole from 0 to t [5].
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This approach can be adopted to model both the thermal response of the single borehole
and the thermal response of the entire field.

For the single borehole the mathematical formulation of the problem is the following:

T ls(r, t) =
q0
4πλ

·
∫ ∞

1/
√
4at

ds · e−r2s2 · Ils(Hs,Ds)

H · s2
(4.14)

where

Ils(h, d) = 2 · ierf(h) + 2 · ierf(h+ 2d)− ierf(2h+ 2d)− ierf(2d)

ierf(X) =

∫ X

0

erf(u)du = X · erf(x)− 1√
π
(1− e−X2

)

erf(X) =
2√
π

∫ X

0

e−v2dv

h = H · s

d = D · s

(4.15)

For the entire field, the interactions among the different boreholes must be taken into
consideration.
Considering a 3 × 3 borehole GHEs configuration, where B is the distance between two
adjacent boreholes, the new method proposed takes into consideration the mutual distance
between the heat exchangers in each direction as highlighted in figure 4.2.

Figure 4.2: Interactions among a 3× 3 BHEs field [5]
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In this case, the equations used to model the interactions between N borehole GHEs start
from the evaluation of the mean temperature along the borehole wall for any borehole i

[5]:

T bw,i(t) =
N∑
j=1

T ls(ri,j, t) (4.16)

where ri,j is used to denote the mutual radial distance between the borehole i and j.
In particular, this distance should be adjusted considering that:

ri,j =

rb wheni = j√
(xi − xj)2 + (yi − yj)2 wheni ̸= j

(4.17)

Considering that [5]:
1

N

N∑
i=1

T bw,i(t) =
1

N

N∑
i=1

N∑
j=1

T ls(ri,j, t) (4.18)

Using the equation 4.14, the mean borehole wall temperature can be written in the fol-
lowing way [5]:

TN(r, t) =
q0
4πλ

·
∫ ∞

1/
√
4at

ds · Ie(s) ·
Ils(Hs,Ds)

H · s2
(4.19)

where Ie(s) can be written as [5]:

Ie(s) =
1

N

N∑
i=1

N∑
j=1

(e−r2i,js
2

) (4.20)

As highlighted by Javed and Claesson (2011) in their study, comparing long-term and
short-term fluid temperatures predicted by the new method with those from Eskilson’s
G-functions for different borehole GHEs configuration it is possible to deduce that:

• For a single borehole and three boreholes in a straight line, the long-term fluid
temperatures align closely between the new method and Eskilson’s g-functions up
to 25 years [5].

• For nine boreholes in a square, the agreement is robust up to 10 years and reasonably
good thereafter [5].

These results are shown in figure 4.3:

35



Figure 4.3: Response function for 1,3 and 9 boreholes using different G-function solutions
[5]

Discrepancies between fluid temperatures predicted by the new method and Eskilson’s
G-functions escalate with time and the number of boreholes but remain relatively modest
within the first 25 years. Moreover, the short-term fluid temperature predicted by the
new model concurs with the numerical solution [5].
For a single borehole a closed-form formula has been established to determine the long-
term step response, while multiple boreholes utilize a systematic approach to calculate
the long-term response. The predicted long-term response from the new method aligns
well with Eskilson’s G-functions [5].
Furthermore, it is important to underline that the previous approach is suitable for the
calculation of the borehole wall temperature for any values of heat injection and extraction
rate q0

(
W
m

)
considering a step response function [5].
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Chapter 5

System Description

The system under analysis is a long-term seasonal thermal energy storage thought to
operate in two different operating modes: charging during summer season and discharging
during winter season coupled to a waste incineration plant and to a LT-DH.
The entire system has the following layout:

Figure 5.1: Overall system layout

From the above figure it is possible to deduce that the main system can be decomposed in
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three main subsystems: the BTES, the LT-DH system and the waste incineration plant.
The system layout is modified according to the different operating modes of the storage
system in this way:

(a) Charging mode of the boreholes (b) Discharging mode of the boreholes

Figure 5.2: Comparison between the operating mode of the BTES

5.1 Individual Subsystem Models

5.1.1 Boreholes Heat Exchanger

The method employed in the analysis of the BHEs for the calculation of the amount of
energy injected in and extracted from the ground is the ASHRAE Tp8 method and the
algorithm to implement is the so called Load Aggregation Algorithm.
Basically, the equation used to model the BHEs aims to evaluate the borehole wall tem-
perature by using the G-function in the finite-line source model.
In this context, the mathematical formulation of the problem is:

Tb − T0 =
q

2 · π · λs

· g
(

t

ts
,
rb
H
,
B

H
, boreholefield

)
(5.1)

According to the ASHRAE Tp8 method, the value of the heat flux q used in equation 5.1
is calculated by means of accumulating step changes in heat transfer rates such that the
borehole wall temperature can be computed by overlaying the distinct responses at each
time step [6].
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Figure 5.3: Superimposition of step loads [6]

For a given configuration of BHEs, the thermal response of the ground to a load that
varies with time can be evaluated by breaking down the load into pulses and employing
temporal superposition.
Figure 5.4 illustrates the process of combining responses over four months of heat rejection.
As it is visible from the above figure, the fundamental heat pulse ranging from zero to
Q1 is applied throughout the entire four-month duration and is effective as Q′

1 = Q1.
Subsequent pulses are then superimposed, with Q′

2 = Q2 −Q1 effective for three months,
Q′

3 = Q3−Q2 effective for two months, and finally, Q′
4 = Q4−Q3 effective for one month.

Consequently, the dynamic borehole wall temperature can be determined by accumulating
the ground thermal responses to these four sequential pulses [6]. Thus, according to these
considerations the final equation is:

Tb = T0 +
n∑

i=1

qi − qi−1

2 · π · λs

· g
(
tn − ti−1

ts
,
rb
H

)
(5.2)

In the specific case of this thesis, the heat pulses have been calculated by evaluating the
surplus defined as difference between heat rate from the waste incineration plant and the
heating demand from the district heating network for the entire year.

5.1.2 Heat Pump

The heat pump is characterized by four components: evaporator coupled to the ground,
compressor, condenser coupled to the DH network and expansion valve. The model
adopted in this thesis is a regression model built by using compressor data from manu-
facturer BITZER.
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It is worth noting that only for the HP a steady-state model is adopted to carry out the
majority of the analysis.
To provide a different scenario, a semi-dynamic model of the heat pump is also included.
In both cases, the heat pump can be graphically schematized in the following way:

Figure 5.4: Heat pump model [7]

5.1.2.1 Regression Model

To realize a proper setup of this model the return temperatures from the evaporator To

and the compressor Td has been taken constant.

In the BITZER software there is a variety of compressor types and operating conditions
from which users can choose.
Using the input variables To and Td the software is able to generate polynomials for
compressor power, evaporator capacity, condenser capacity and condenser temperature.
These polynomials are computed across various operational scenarios to produce extensive
data and finally, a curve fitting regression is executed to derive functions for condenser,
compressor, evaporator capacities, and condenser temperature.
The coefficients for these polynomials are then incorporated into the MATLAB model [7].
Equations with polynomials used in the model are:

1. Evaporator capacity function:

Qcl,0 = q1 + q2To + q3T
2
o + q4T

3
o + q5T

3
d + q6Td + q7TdTo + q8TdT

2
o (5.3)
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2. Condenser capacity function:

Qcd,0 = C1 +C2Td +C3To +C4Qcl,0 +C5TdTo +C6TdQcl,0 +C7T
2
o +C8Qcl,0To (5.4)

3. Compressor power function

Pcom,0 = P1+P2To+P3Td+P4Qcl,0Td+P5T
2
o +P6TdQ

2
cl,0+P7Qcl,0+P8Q

2
cl,0To (5.5)

4. Condenser temperature function

Tc = a1Td + a2To + a3T
2
o + a4 + a5ToTd + a6T

3
o + a7T

2
d + a8TdT

2
o (5.6)

Once the compressor power function has been evaluated, the proper compressor must be
chosen.
In the software database there is a bunch of 15 compressors characterized by different
refrigerants and temperature levels To and Td.
In this work, the most suitable compressor has been chosen according to the heating
demand from DH. In particular, the compressor power has to be comparable to or slightly
higher than the demand to be sure to fulfill the DH network’s requirements.
The following figures contain information on the refrigerant properties and the compressor
capacities.
The compressor chosen to develop this thesis is the model OSKA95103-K with a nominal
capacity in heating mode of approximately 1.4 MW.

Figure 5.5: Refrigerants characteristics from BITZER manufacturer [7]
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Figure 5.6: Compressor power and relative COP from BITZER manufacturer [7]

5.1.2.2 Performance Function

The use of a performance function is involved in order to estimate the effect of a variable
COP on the system performance.
In fact, the regression model introduces a strong limitation due to the fact that the
HP’s COP is constant and its value is assessed to a minimum acceptable value for these
applications.

Going more in depth with this approach, the expression chosen for the COP is a function
of the nominal COP and of the temperature difference between the outdoor temperature
and the nominal temperature that is the temperature provided by the manufacturer at
which the COP assumes its nominal value.

COP = COPnom · (1 + 0.024 ·∆T ) (5.7)

According to this procedure, results from MATLAB simulations shown in figure 5.7 are in
accordance with the theory. In fact, COP increases as the outdoor temperature increases
while it decreases as the outdoor temperature decreases.
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Figure 5.7: HP’s COP for the performance function

5.1.3 Waste Incineration Plant

Data and information about waste-to-energy in Norway have been taken from the previous
study of Schmidt (2020) in his master thesis.

According to the feasibility study performed by Schmidt it has been possible to deduce
that the main reason why in Norway waste incineration is a prominent heat source in the
DH sector is because it yields high amount of thermal energy.
The combination of waste incineration as a waste handling method and a heat source in
the district heating sector generates substantial amount of excess heat due to the rela-
tively constant supply and incineration of waste and the significant seasonal fluctuations
experienced by the heating demand in the DH network [1].

Moreover, in his study Schmidt emphasizes that main advantages of using HT-BTES as
a long term TES for excess heat from waste-to-energy DH sector in Norway offers several
advantages [1]:

• Enhanced energy efficiency at district heating plants.

• Reduction of peak loads through seasonal storage.
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• Establishment of a low-emission thermal energy station.

Furthermore, it is worth noting that the quantity of available excess heat varies signifi-
cantly based on the capacity and size of the district heating plant [1].

5.1.4 District Heating

Data about the heating loads are representative of Norwegian district and they are taken
from Eikeskog thesis presented in [7].
In this context, two different kind of loads are analysed. Data are provided on hourly
base and as it is visible from figure 5.8 Load 1 is characterized by less seasonal variations
in the heating demand while Load 2 has large seasonal differences in the demand [7].

Figure 5.8: Load comparison

To evaluate the maximum value of the heating demand the duration curve is provided for
both the Load 1 and Load 2.
The duration curve is extremely useful during the design phase of a DH network because
it is able to provide an estimation of the peak power required from the network even for
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a reduced amount of time.
From the duration curve it is also possible to calculate the base power that has to be
provided with very big and expensive plants that should operate for an higher amount of
equivalent hours to be economically sustainable.
The remaining time, peaks should be satisfied by other devices as boilers.

The duration curve for both the loads is:

Figure 5.9: Duration curve comparison

From figure 5.9, it is possible to deduce that:

Load Qmax

1 553.6 kW
2 334.7 kW

Table 5.1: Loads Data
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5.2 Assumptions

Assumptions are significant to carry out the model. The most important ones are pre-
sented in the following section:

1. Ground properties. Ground properties are assumed considering typical or average
values in Norway. However, accurate analysis to determine the specific properties
for the actual location are necessary.

2. Load treatment. Only heating loads for a building or area are analyzed and com-
bined in a single load, without distinguishing between domestic hot water and space
heating.

3. Borehole wall temperature. The borehole wall temperature Tb evaluated by the
model corresponds to the temperature gradient observed in the ground after the
charging and discharging processes.

4. Conductive heat transfer mechanism. In the ground the main heat transfer mecha-
nism is by conduction.

5. Ideal heat transfer mechanism in the overall system. Losses in the system are null,
such that the energy injected is assumed to be equal to the energy from the WIP
while the energy withdrawn is equal to the load from LT-DH.
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Chapter 6

Model Validation

The aim of this section is to compare the thermal response function obtained from the
model implementation in MATLAB with the results presented by Cimmino et al. (2014).
As a matter of fact, thermal response factors are widely used to predict the performance
of the BHEs field.

6.1 Software Description

The BTES model has been implemented in MATLAB.
MATLAB, short for "Matrix Laboratory," is a powerful mathematical software tool widely
employed for numerical computations, simulations, and data visualization.
Its power resides in its exceptional performance capabilities and an intuitive user-friendly
environment that utilizes familiar mathematical notations.
One of the primary advantages of MATLAB is its efficiency in handling problems involving
matrix and vector operations.
Additionally, MATLAB provides a high level of flexibility and transparency, making it a
preferred choice for various scientific applications [1] [7].

6.2 Characteristics of the Model

Analytical solutions to the transient heat transfer in the ground, such as the FLS method,
offer the possibility of generating thermal response factors.
In this context, as highlighted by Cimmino et al. (2014) three distinct BCs for the
derivation of G-functions using the FLS method have been applied each serving a specific
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purpose [29].

BC-I: Uniform Heat Extraction Rate

• Heat is uniformly extracted along the entire boreholes’ length.

• Equal heat extraction rates are maintained across all boreholes.

• Average temperatures along the boreholes’ length may vary.

BC-II: Uniform Heat Extraction Rate with Equal Average Temperature

• Heat is uniformly extracted along the boreholes.

• Average temperatures along the boreholes’ length are maintained equal for all bore-
holes.

BC-III: Uniform Borehole Wall Temperature

• Borehole wall temperature is kept uniform along the boreholes’ length.

• Uniform borehole wall temperature is maintained across all the BHEs.

While generating G-functions with BC-I is straightforward due to the known heat extrac-
tion rate, BC-II and BC-III present challenges as both heat extraction rates and borehole
wall temperatures are unknown.
Simulations conducted on BC-II has shown an improvement of the G-function estimation,
addressing some issues observed with BC-I, especially in larger bore fields with closely
packed boreholes.
However some discrepancies with Eskilson’s G-functions can be observed when using BC-
III [29].
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6.3 Validation of the Analytical Model

Figure 6.1: G-functions behavior [5]

As it is possible to deduce from figure 6.1 G-functions are presented in the form of di-
mensionless curves depending on dimensionless parameters as it is visible from equation
6.1 [38] [29]:

Tave(rb) = Tgr −
Q

2πks
· g

(
ln(9FoH),

rb
H
,
B

H

)
(6.1)

where
FoH =

αt

H2
(6.2)

FoH is the Fourier number, defined as a function of the thermal diffusivity of the ground
and of the borehole depth, and it provides information about the transient behavior of
the BHEs field.

Then, each G-function is categorized into four distinct regions, each characterized by
unique heat transfer attributes.
The estimation of the G-function is used to calculate the temperature drop at the borehole
wall due to a constant heat extraction [29].

The borehole field used to validate the model consists of 6 boreholes arranged in a squared
configuration in a 3× 2 pattern.
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This field possesses specific geometric characteristics and thermal properties summarized
in the table below.
Heat transfer is exclusively taken into account within the vicinity of the boreholes, with
no heat transfer calculations being conducted within the boreholes themselves. Conse-
quently, the entire system comprises a single domain, encompassing both the borehole
field and the adjacent surrounding ground.

Parameters Value Units

Borehole field
Number of boreholes, Nb 6 -
Nominal borehole spacing 7.5 m

Borehole field
Borehole depth, H 150 m
Borehole radius, rb 0.075 m

Borehole buried depth, D 4 m
Thermal properties of the ground
Undisturbed ground temperature T0 6 ◦C

Ground thermal conductivity, κs 2 W/m·K
Ground thermal diffusivity, αs 1e-6 m2/s
Heat injection/extraction rate 12.57 W/m

Table 6.1: Parameters for model validation

The model is built in accordance with the properly BCs required by the FLS method,
that involves ensuring a constant and consistent heat flux along the storage walls [25].
In the case under analysis, the initial temperature within the domain is established based
on the typical undisturbed ground temperature in Norway, set at 8°C.
BCs in the surrounding domain are defined at considerable distances from the borehole
field: radially at 150 meters and vertically below the borehole field at 200 meters. In these
regions, temperatures are maintained at their undisturbed values of 8°C. Additionally, this
temperature serves as a BC at the top surface of the domain [29].

To run simulations, the model exploits the heat transfer symmetry within the borehole
field. Symmetrical boundaries are chosen carefully to ensure that the heat exchange be-
tween injection and extraction boreholes remains undisturbed. These symmetry bound-
aries are designated as adiabatic.
Since the previous BCs are required by the FLS method, results obtained by the numerical
implementation of the analytical model proposed by Claesson and Javed should be com-
pared with the FLS solution for a corresponding geometry featuring a 3×2 arrangement of
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BHEs in a square pattern assuming: rb
H

= 0.0005 and B
H

= 0.05. The simulation is run for
t = 20 years, a sufficient duration to achieve a natural logarithm value of approximately
−1.3 for 9FoH and a value of the G-function approximately equals to 11.9 ◦C as shown
in figure 6.1 [38] [29].

If the model is correctly implemented, results regarding the thermal response function
obtained from MATLAB must coincide with the theoretical ones.

Figure 6.2: Validation from MATLAB simulation
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Chapter 7

Results

In this chapter all the results concerning the design phase of the BTES are illustrated.
In particular, the temperature profile of the average borehole wall temperature and the
mean fluid temperature are analysed and discussed.
Then, sensitivity analysis is performed in order to understand which are the parameters
that mostly affect the system performance.
Additionally, system behavior is analyzed considering the coupling of the storage with the
HP under two different scenarios.
In conclusion, the heat losses is performed to estimate which storage parameter has an
higher impact on the temperature’s profiles.
It is worth noting that to provide a larger overview the analysis is carried out for two
different types of load.

7.1 BTES Analysis

7.1.1 Results for Load 1

In accordance to the ASHRAE-Tp8 method, to obtain the average borehole wall temper-
ature profile and mean water temperature profile inside the storage the surplus from the
WIP must be evaluated.
Mathematically speaking, the previous concept can be synthesized in the following way:

Esurplus/deficit = EWIP − ELTDH (7.1)
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The surplus is defined as the difference between what comes from the WIP and the demand
from the LT-DH monthly based.
In particular, since for the LT-DH data are provided on hourly basis to pass to the desired
values, the hour information are averaged over the months.

In this context, the most significant information can be extracted from energy calculations.
Results are presented below:

Figure 7.1: Surplus and deficit for Load 1

As it is possible to deduce from figure 7.1, blue colored bars represent the deficit during
the winter season. In particular, during this period the load from the LT-DH is higher
than the energy from the WIP and according to equation 7.1 the BTES is in discharging
mode because it is used to supply the required energy to the LT-DH network.
In contrast, red colored bars represent the surplus during the summer. In fact, during
this season the amount of energy from the WIP is higher compared to the LT-DH demand
and the excess is used to charge BTES.

Once this analysis has been performed, by implementing the load aggregation algorithm
it is possible to evaluate the main temperatures profiles’, as it is shown in figure 7.2.
In this figure the storage behavior is highlighted:

• during the winter season, the heat is transferred from the storage to the fluid causing
a temperature increase on the way towards the DH. A further fluid temperature
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increase is due to the heat pump present in between the two subsystems. This
season corresponds to the discharging phase of the BTES.

• during the summer season when the storage is charged, it is possible to observe
a gradual increase of the temperatures both of the wall and of the fluid but the
directionality of the heat transfer is from the fluid towards the storage wall.

Figure 7.2: Average borehole wall temperature and mean fluid temperature for Load 1

It is important to notice that the dynamic behavior of the BTES in each month is partially
considered.
Specifically, for each month the graph shows the presence of error bars that are computing
by calculating the mean values and the temperatures’ standard deviations.
Based on the calculated monthly means and standard deviations, the maximum and
minimum values are determined to define the error bands of borehole wall temperature
and average water temperature.
These bands represent the range within which the above mentioned temperatures can
vary with a certain probability within each month.
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7.1.2 Results For Load 2

Results for Load 2 are the same obtained for Load 1 but the temperature and energy
levels are different.
Although the trend of the graphs mirror the situation of Load 1 some discrepancies are
present.

Firstly, with reference to figure 7.3 the amount of charging and discharging energy is high
because keeping constant the energy rate produced from the WIP and being the demand
from LT-DH lower the resulting deficit and surplus is higher.

Secondly, according to figure 7.4 it is possible to notice that the borehole wall temperature
and the average water temperature are higher compared to the temperature profiles’ of
the previous case during the charging phase as a consequence of the high amount of energy
that can be stored. While the temperature values during the discharging phase are lower
compared to Load 1 because of the higher amount of energy that can be discharged.

The observation done for temperature profiles in case of Load 1 are still valid for Load 2
and they are evident in figure 7.4.

Figure 7.3: Surplus and deficit for Load 2
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Figure 7.4: Average borehole wall temperature and mean fluid temperature for Load 2

7.2 Sensitivity Analysis

Sensitivity analysis is a fundamental technique used to assess the impact of parameter
variations on the system performance.
Its primary objective is to understand how changes in input parameters affect the output
or performance of a model, simulation, or process.

There are several methods and approaches used to conduct the sensitivity analysis, each
tailored to different types of models and objectives.
In this thesis, the approach involved is the so called One-at-a-Time (OAT) Sensitivity
Analysis technique.
This method entails varying one parameter at a time while keeping all the others constant,
allowing for the isolation of individual parameter effects on the system’s response.
Despite its simplicity and intuitiveness, this technique may lead to neglect interactions
between parameters.

In this thesis, the sensitivity analysis is performed in order to evaluate which is the impact
of the main storage parameters on the system’s performance. Main parameters analyzed
are: borehole depth, borehole radius, number of BHEs, BHEs distance, thermal conductiv-
ity of backfilling material, thermal conductivity of the ground and HP’s COP.
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7.2.1 Sensitivity Analysis Load 1

The evaluation of the sensitivity analysis is focused on how the borehole wall temperature
and mean fluid temperature vary according to a precise variation of the storage parame-
ters.
It is worth noting that the variation of the single parameters is not casual but it is accu-
rately chosen and referenced.

7.2.1.1 Sensitivity to the borehole depth

The sensitivity to the borehole depth is illustrated in figure 7.5.
The borehole depth represents a fundamental parameter because it is strictly related to
the investment costs of the plant itself. In fact, it directly affects the equipment used for
drilling operations and limitations imposed by geological factors [39].

As demonstrated by the existing plants, the borehole length falls in the range 40m to 500m

but a good trade-off between thermal losses and costs is the range 150m to 250m[40].

Figure 7.5: Sensitivity to the borehole depth for Load 1
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As it is visible from the figure 7.5, at 50 m both the borehole wall temperature and the
average fluid temperature show a different trend in comparison to the other cases.
This behavior can be justified referring to the amount of heat exchanged. In particular,
at reduced depths the BHEs is neither able to provide a sufficient amount of energy nor to
absorb it. So, during the discharging period both the temperatures are in average lower
while during the charging season they are higher.

In other words, reducing the storage capacity but keeping constant the amount of energy
stored it is possible to observe an increase in terms of temperatures.
It is worth noting that the temperature increase is not linear.

7.2.1.2 Sensitivity to the Borehole Radius

Figure 7.6: Sensitivity to the borehole radius for Load 1

As the borehole depth also the borehole radius has a strong influence on the investment
costs of the plant because it is strictly related to the drilling technique adopted.

Regarding the temperature profiles obtained from MATLAB simulations it is possible to
deduce that changing the storage radius has a direct implication on the variation of the
storage capacity. Being the sensitivity analysis performed only one parameter at once,
keeping constant the amount of energy stored or delivered the result is a decrease of the
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temperatures during the discharging period while there is an increase during the charging
period.

7.2.1.3 Sensitivity to the Number Of BHEs

The number of BHEs installed in a specific site must ensure that it covers the heating
demand from the LT-DH network.
For this reason, starting from a minimum acceptable number of BHEs it is only possible
to increase the amount of heat exchangers.

From figure 7.7 it is immediately noticeable that highly increasing the storage capacity
by increasing the number of BHEs a plateau is reached.
This behavior can be explained by considering that since the BTES model takes into
consideration not only the interactions between the BHEs and the ground but also the in-
teractions among the BHEs field at a certain point being the number of BHEs significantly
high a thermal equilibrium between them and the surrounding ground is obtained.

Figure 7.7: Sensitivity to the number of BHEs for Load 1
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7.2.1.4 Sensitivity to the BHEs Distance

As it is visible from figure 7.8, borehole wall temperature and average fluid temperature
significantly vary as the distance between the heat exchangers decreases.
This effect is due to the excessively interference between the BHEs that causes them
to highly interact during the charging period with the consequence of an uncontrolled
temperature increase during this period.
On the other hand, during the discharging period BHEs poorly interact among each other
causing a an abrupt temperature decrease.

Typically, it has been observed that ideal BHEs distances are in the range between 3m

to 8m because this is the minimum acceptable range such that BHEs interactions’ do not
have a catastrophic effect on the storage temperatures [40].

Moreover, according to figure 7.8 and according to the previous observation it is clear
that increasing the distance between BHEs temperature profiles tend to a uniform trend
being the interactions between them non prevailing.

Figure 7.8: Sensitivity to the BHEs distance for Load 1
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7.2.1.5 Sensitivity to Thermal Conductivity of the Backfilling Material kfill

The usage of the sand-bentonite as backfilling material for grouted BHEs is used to
enhance the heat exchange mechanism inside the storage itself if compared to the effect
of the traditional sand-clay material [41].

As it is visible from the figure 7.9 the value of the thermal conductivity of the backfilling
material varies in a wide range from 0.5 to 2.5 W

mK
.

Particularly, experimental values for sand-bentonite materials show that thermal conduc-
tivity falls in the range from 2.15 to 2.38 W

mK
while lower values are typical of sand-clays

materials [41].

Specifically referring to the figure below it is possible to deduce that the borehole tem-
perature profile is not affected by the value of kfill being only a function on the thermal
conductivity of the ground kg. On the other hand, the temperature profile of the average
fluid temperature is influenced by the value of kfill in such a way that in presence of sand-
bentonite materials being the heat injection and extraction enhanced temperature levels
are lower if compared to the values reached in presence of typical sand-clays materials.

Figure 7.9: Sensitivity to kfill for Load 1

61



7.2.1.6 Sensitivity to Thermal Conductivity of the Ground kg

The value of the thermal conductivity of the ground is strictly related to the geographical
location where the storage system is installed.
In this study, values used to run the simulations have been taken from experimental in-situ
tests performed in Norway. So, these values are typical of Norwegian regions [42].

Generally, kg mainly affects the investment costs and the heat exchanger rate inside the
storage.
Firstly, according to the type of soil in which the plant is installed the drilling technique
involved varies and especially in presence of unconsolidated sediments and hard rocks the
necessity of specific and costly techniques is required.
Secondly, through kg it is possible to quantify the heat exchange rate between the ground
itself and the water inside the boreholes according to the thermal response function.
In particular, higher the value of kg lower is the value of the G-function and consequently,
higher are the temperature levels.

With a particular reference to the figure 7.10 when the value of kg increases both borehole
wall temperature and average water temperature decrease with a non linear trend.

Figure 7.10: Sensitivity to kg for Load 1
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7.2.1.7 Sensitivity to HP’s COP

One of the most critical choice to be made during the design phase of this plant is the
heat pump selection that strictly influences the operating costs through its coefficient of
performance COP [43].

For well-designed systems the HP’s COP should be ideally adjusted to the temperature
coming from the BTES being the two systems directly connected.
With a particular reference to this work, the HP’s COP is evaluated starting from two
fixed temperature levels such that they guarantee a minimum acceptable COP for these
applications of 2. Moreover, this parameter is only involved during the discharging phase
of BTES in order to adjust the amount of heat extracted from the storage and to ideally
provide an additional boost to the outlet water temperature from the BTES.

As highlighted by Croteau et al. (2015) in their work HP’s COP should be in the range
2 t to 7.5 to be a good trade-off between the system performance and operational costs
[43].

From the analysis of figure 7.11 it is possible to note that since in this thesis the heat pump
is not thermally coupled to the storage system, temperatures’ profiles are not eminently
affected by the HP’s COP.

Figure 7.11: Sensitivity to HP’s COP for Load 1
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In this context, the analysis is carried out by using the regression model for the HP.

7.2.1.8 Sensitivity Analysis Results’ Summary

In this section, a result summary of the sensitivity analysis is presented.
In particular, it is worth analyzing which are the parameters that mostly affect the sen-
sitivity analysis in case of Load 1.
In other word, figure 7.12 shows which of the previous parameters have major impacts on
system performance.
In this specific case, the most crucial parameters are: the borehole depth and the distance
between the boreholes because they are responsible for the highest temperature deviation
from the base case.

The evaluation of the most critical parameters is based on the calculation of the average
temperatures and then the deviation from the base case is contained inside the ∆T.

Figure 7.12: Sensitivity impact for Load 1
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7.2.2 Sensitivity Analysis Load 2

In this section, results concerning the sensitivity analysis of Load 2 are contained.
Principles below this analysis are the same as Load 1 but results are slightly different.

7.2.2.1 Sensitivity to the Borehole Depth

The sensitivity to the borehole depth is illustrated in figure 7.13.
As for Load 1, also in case of Load 2 the variability range chosen is 50m to 300m and
as it is visible from the figure below at 50 m both the borehole wall temperature and the
average fluid temperature show a different trend in comparison to the other cases.
This behavior can be justified referring to the amount of heat exchanged and to the stor-
age capacity.
In particular, reducing the storage capacity due to the depth reduction but keeping con-
stant the amount of energy stored it is possible to observe an increase in terms of tem-
peratures and the temperature increase is not linear.

In conclusion, at reduced depths the BHEs is neither able to provide a sufficient amount
of energy nor to absorb it. So, during the discharging period both the temperatures are
in average lower while during the charging season they are higher.

Figure 7.13: Sensitivity to borehole depth for Load 2
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7.2.2.2 Sensitivity to the Borehole Radius

From MATLAB simulations it has been possible to deduce that changing the storage
radius has a direct implication on the variation of the storage capacity.
Being the sensitivity analysis performed only one parameter at once, keeping constant
the amount of energy stored or delivered the result is a decrease of the temperature levels
during the discharging period while there is an increase during the charging period.

Figure 7.14: Sensitivity to borehole radius for Load 2

7.2.2.3 Sensitivity to the Number of BHEs

From figure 7.15 it is possible to notice that highly increasing the storage capacity by
increasing the number of BHEs a plateau is reached.
This behavior can be explained by considering that since the BTES model takes into
consideration not only the interactions between the BHEs and the ground but also the in-
teractions among the BHEs field at a certain point being the number of BHEs significantly
high a thermal equilibrium between them and the surrounding ground is obtained.

As for Load 1, even in this case different configurations are explored, specifically not only
perfectly squared but also rectangular configurations are analyzed.

Final results show that the thermal effects on non-perfectly squared configurations are
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the same of squared configurations.

Figure 7.15: Sensitivity to number of BHEs for Load 2

7.2.2.4 Sensitivity to the BHEs Distance

As for Load 1 also in this case borehole wall temperature and average fluid temperature
significantly vary as the distance between the heat exchangers decreases.
This effect is due to the excessively interference between the BHEs that causes them
to highly interact during the charging period with the consequence of an uncontrolled
temperature increase during this period.
On the other hand, during the discharging period BHEs poorly interact among each
other causing a an abrupt temperature decrease. In this case, it is possible to observe
temperature levels even lower than 0 ◦C.

Moreover, according to figure 7.16 and according to the previous observation it is clear
that increasing the distance between BHEs temperature profiles tend to a uniform trend
being the interactions between them non prevailing.
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Figure 7.16: Sensitivity to the distance between BHEs for Load 2

7.2.2.5 Sensitivity to the Thermal Conductivity of the Backfilling Material
kfill

As for Load 1 also for Load 2 the range of kfill explored takes into consideration ther-
mal conductivity of both traditional sand-clay materials and sand-bentonite materials,
specifically from 0.5 W

mK
to 2.5 W

mK
.

With a particular reference to the figure below it is possible to deduce that the borehole
wall temperature profile is not affected by the value of kfill being only a function of the
thermal conductivity of the ground kg. On the other hand, the temperature profile of
the average fluid temperature is influenced by the value of kfill in such a way that in
presence of sand-bentonite materials being the heat injection and extraction enhanced
temperature levels are lower if compared to the values reached in presence of typical
sand-clay materials.
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Figure 7.17: Sensitivity to kfill for Load 2

7.2.2.6 Sensitivity to the Thermal Conductivity of the Ground kg

As shown in the figure 7.18 when the value of kg increases both borehole wall temperature
and average water temperature decrease with a non linear trend.
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Figure 7.18: Sensitivity to kg for Load 2

7.2.2.7 Sensitivity To HP’s COP

As for Load 1 also for Load 2 from the analysis of figure 7.19 it is possible to note that since
in this thesis the heat pump is not thermally coupled to the storage system, temperatures’
profiles are not eminently affected by the HP’s COP.

Also in this case it is worth noting that the sensitivity analysis is performed considering
the regression model approach for the heat pump modeling.

70



Figure 7.19: Sensitivity to HP’s COP for Load 2

7.2.2.8 Sensitivity Analysis Results’ Summary

In this section, a result summary is presented. In particular, it is worth analyzing which
are the parameters that mostly affect the sensitivity analysis in case of Load 2.
In other word, figure 7.20 shows which of the previous parameters have major impacts on
system performance.
As for Load 1 also for Load 2 the most crucial parameters are: the borehole depth and the
distance between the boreholes because they are responsible for the highest temperature
deviation from the base case.

The evaluation of the most critical parameters is based on the calculation of the average
temperatures and then the deviation from the base case is contained inside the ∆T.

Comparing the results obtained for Load 2 with the results obtained for Load 1 the
resulting ∆T values are higher for Load 2. This is mainly due to the higher amount of
energy stored.
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Figure 7.20: Sensitivity impact on BTES performances for Load 2

7.3 Long-term Storage Performances

This section has the aim of analyzing the effects of dynamic temperature variations within
the storage system under two different scenarios: firstly, when it is uniquely subject to
a charging period, and secondly, when experiencing a cycling pattern of charging and
discharging period after a period of only charging.

Such analysis is fundamental for the understanding of system’s behavior on long-term and
to have a comprehensive insight into the thermal response of the storage system under
different operating conditions.

7.3.1 5 Years of Only Charging

Figure 7.21 shows the behavior of the storage system when it is subject to a period of 5
years of only charging.
As it is visible, even if cycles of charging and discharging are realized annually the global
trend is an increasing trend because the amount of energy charged is higher in comparison
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with amount of energy discharged that has been set equal to zero.

The main difference between Load 1 and Load 2 is expected in terms of temperature levels
reached at the end of the overall charging period.
For Load 1, in fact, since the annual energy stored is higher in comparison to Load 2 at
the end of the charging period the storage is expected to have higher temperatures.

(a) Load 1

(b) Load 2

Figure 7.21: 5 years of only charging comparison
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7.3.2 5 Years of Only Charging and 20 Years of Charging and

Discharging

Figure 7.22 shows the system behavior when it is subject to a period of 5 years of only
charging and then to a period of 20 years of periodic charging and discharging.
As discussed in Section 7.3.1, since for the first 5 years the storage is only subject to
a charging phase the overall trend is increasing. When the 20 years-period of charging
and discharging starts the overall trend is a decreasing trend meaning that the amount of
energy discharged is higher in comparison to the amount of charging energy.
If an energy balance between the charging and discharging energy were reached, temper-
ature levels would be assessed at a constant temperature.

(a) Load 1

(b) Load 2

Figure 7.22: 5 years of only charging and 20 years of charging and discharging comparison
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7.4 Heat Losses Evaluation

Heat losses evaluation is one of crucial point for every seasonal thermal energy storage.
In a BTES losses mainly depends on the storage volume and the temperature levels
reached inside the storage itself.

The aim of this section is only to provide a rough estimation of energy losses in the storage
system under analysis. For this reason, the quantitative results obtained are realistic and
provide an information about the order of magnitude of expected losses but they are not
precise.

Firstly, the storage volume has been evaluated according to the following formula:

V olume = B2 ·Ntot ·H (7.2)

where B is the distance between one borehole and the subsequent, Ntot is the total number
of boreholes and H is the BHEs length.
Secondly, the energy in the ground has been evaluated according to the equation 7.3:

Eground = m · cp ·∆T (7.3)

where m is the mass of the ground cp is the thermal capacity of the ground and ∆T is
the temperature difference observed in the ground, evaluated as the difference between
the initial and the final values of the borehole wall temperature.
Finally, the amount of charging and discharging energy are calculated respectively as the
excess from the waste incineration plant from April to October and as the deficit from
January to March and from November to December evaluated considering the amount of
energy that cannot be supplied by the WIP to the DH network.

Once this analysis has been performed for the base case, heat losses are evaluated also for
each storage parameter during the sensitivity analysis.
The aim of this calculation is to assess the storage parameters that cause the highest heat
losses worsening the system performances.
Results for Load 1 and Load 2 are shown in figure 7.23 and they highlight that the
BHEs depth, the radius and distance between the boreholes significantly affect system’s
performance.
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(a) Load 1

(b) Load 2

Figure 7.23: Losses analysis on different storage parameters
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7.5 Effect of the HP’s COP Model on the Tempera-

tures’ Profiles

In this section, the effect of the HP’s COP model on the borehole wall temperature and
average fluid temperature will be explained.

(a) Load 1

(b) Load 2

Figure 7.24: HP’s COP model impact on temperature profiles

Results shown in figure 7.24 highlight slight variation of temperature levels passing from
the regression model, identified with letter R, to the use of the COP function for the HP,
identified with letter N.
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Specifically, being the COP values higher with the new model the amount of energy
extracted during the discharging season is higher.
Thus, the temperatures reached with the semi-dynamic model during winter are lower if
compared to the ones obtained with the regression model.
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Chapter 8

Future Work

System improvements are crucial for enhancing efficiency, effectiveness, reliability and
performances of the overall storage system.
In this section, suggestions are provided for potential future work.

The goal of this master thesis was to gather knowledge regarding the main technical
aspects of BTES, analyze the thermal behavior of the storage system through the im-
plementation of the Load Aggregation Algorithm and evaluate the most critical storage
parameters that highly affect the system performances. Information and data required
have been acquired from specific papers and references.
Results from MATLAB simulations have been compared with literature study to verify
their truthfulness.

Future works should be focused on the development of a dynamic and complete model of
the heat pump. In fact, given a suitable value of water mass flow rate inside the BTES
and knowing the amount of energy stored inside the storage it is possible to develop a
dynamic heat pump model that is able to thermally couple the heat pump itself to the
district heating network.
In particular, the aim of this point is to realize a model in which the HP’s COP is adjusted
according to the load from the DH network and not kept constant.

In accordance to the previous point, the necessity of developing a more complex storage
system model is impelling. In particular, experimental and in-situ tests should be carried
out to obtain results from simulations as reasonable as possible.

Techno-economic analysis and system optimization should be performed as well. Since the
aim of this master thesis is restricted to the system design phase the results obtained are
not viable in real power plant operations, specifically because the economic implications
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of the compressor power and of the outlet temperature of the condenser are not taken
into consideration.
If all the previous points are satisfied it is possible to obtain a dynamic model of the
overall system and to have an idea of how the different parameters vary according to the
DH loads.

Finally, according to the Statkraft Company target the heating of the boreholes during
winter is highly suggested. In fact, charging the boreholes for a short period of time
during winter, when the temperature is above 0 ◦C, may positively affect the system
performance.
This scenario is feasible when electricity prices are low and BTES temperatures are higher
to reduce heat losses.
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Chapter 9

Conclusion

This chapter contains a summary of the main results obtained from the simulations and
major improvements to be made to the system to obtain more realistic outcome.

Besides the investigation of the main theoretical aspects concerning BTES systems and
their modeling procedure, the aim of this thesis is to compute a first design phase of
such a system and to provide an idea of which are the parameters that mostly affect
system performance both positively and negatively. Interesting results have been shown
by performing the sensitivity analysis.
Additionally, the heat losses analysis and the variability of the HP’s COP on the main
temperature profiles have been carried out.
Finally, a long-term analysis has been computed to provide further information about the
storage behavior.

The sensitivity analysis has shown that for both Load 1 and Load 2 the most critical
storage parameters are the borehole depth and the distance between the BHEs. Particu-
larly, by choosing a depth of 50 m and a distance of 2 m the storage capacity is altered,
specifically the amount of energy injected or extracted is distributed over a smaller volume
causing an increase in terms of heat losses.
As it is possible to deduce, it is highly desirable that these parameters will be included
in the optimization phase of the system to find the suitable trade-off between the losses
and the system efficiency.

From the heat losses analysis it has been possible to discover that if the values of the
BHE’s depth, radius and mutual distance are inappropriate the heat losses are extremely
high. In particular, they are assessed to be between 88% and 98%.

In conclusion, other relevant results are related to the analysis of the long-term storage
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behavior and to the effect of a variable COP on system performance.
Regarding the long-term storage behavior, results have shown that the global trend is
strictly related to the amount of energy injected or extracted. Specifically, if the amount
of energy extracted is higher than the amount of energy injected the global trend will be
a decreasing trend and vice versa.
Regarding the effect of a variable COP on system performance, results demonstrate that
being the storage not thermally coupled to the heat pump temperature profiles are slightly
affected by the variation of the HP’s COP.
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