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Abstract

In the last decades, the excessive increase in average global temperature related to a massive rise in greenhouse gas
emissions showed the world how the fossil fuel society we live in today is drastically modifying and destroying the
world we live in and is turning it in an un-habitable planet. Scientist all over the world made it clear that if we stay
on the current patterns and we don’t reduce drastically our greenhouse gas emissions, we are gonna end up with the
extinction of the human species.

The urgency of the problem seems to be clear to most people, what we need now are immediate actions to drasti-
cally reduce our greenhouse gas emissions.

Among all different sectors, the residential sector is one of the biggest contributors to greenhouse gases (GHG)
emissions and most of the energy is used for space heating (SH) and electrical appliances. In the specific case of the
Netherlands, most energy provided to the residential sector is produced by means of natural gas, and the goal of the
country is to replace natural gas with net-zero CO2 solutions.

In this thesis work, a solar-assisted ground-source heat pump (SAGSHP) system for space heating for a typical
Dutch terraced house is thoroughly investigated. In particular a 115 m2 house with 3 people living in it.

The main different components of the system are investigate by looking at the state-of-the-art technology to un-
derstand what are the different system components that would be more convenient to use in the Netherlands in terms
of efficiency, costs, etc.

After the different system components have been selected and a general layout of the system is determined, the
different components are designed and modelled using Matlab or Simulink environment.

Finally, the whole system is assembled together and simulated in a Simulink environment. The simulation runs
over a period of one year using a simulation time step of 6 minutes (0.1 hours). In particular two different cases have
been used for the simulation. The base case used is an year where the ambient conditions used (ambient temperature
and irradiance intensity) are values averaged over a period of twenty years (1991-2020). The second case is the simu-
lation of a very cold year to see how the system performs in extreme cases. The simulated year is the year 2010.
The obtained results are presented and discussed to draw conclusions and future work recommendations.

The final goal of this work is to understand the competitiveness of the system with respect to a traditional gas
boiler in terms of CO2 emission reduction, performance and costs.

From this work it was possible to conclude that the chosen SAGSHP system performs slightly better in colder
climates where a higher heat load requirement is needed. From the base case study used in this work, it was concluded
that the modelled SAGSHP system can achieve a system seasonal coefficient of performance (SSCOP) of about 3.8 and
it can significantly reduce the amount of CO2 emissions generated, up to about 2.8 ton of CO2 every year. From an
economical point of view, the system levelized cost of energy (LCOE) is still higher than the LCOE of a traditional gas
boiler system due to the high initial investment associated with SAGSHP systems.

iii





Acknowledgments

I would like to thank everyone I met in these years and who made this study experience full of nice and interesting
moments, everyone who made me laugh and helped me remember not to take life too seriously.

In particular, I would like to thank my lovely house mates, Andrea and Camilla, my friends Piero, Joost, Vezz and
everyone else I shared something with during these years in Delft.

Everyone I met taught me something that I will bring with me in my life and they somehow helped shaping the
person I am today and for that I am grateful.

Finally, I would like to thank my family for the continuous support they gave me throughout these years, always
helping me take the right decisions and supporting me unconditionally.

Daniele Tarantini
Delft, March 2021

v





Contents

1 Introduction 1

1.1 Thesis objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Literature study 3

2.1 Heat Pumps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Solar-Assisted Ground-Source Heat Pumps (SAGSHP) . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 System’s components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.2 Operating modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Selection of SAGSHP components for utilisation in Dutch terraced house . . . . . . . . . . . . . . . . 15
2.4 Systems model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4.1 Single U-tube BHE model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4.2 Heat Pump model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Components - Design, Model and Validation 23

3.1 Heat Pump . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.1 HP design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.2 HP model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Borehole Heat Exchanger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.1 BHE design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.2 BHE model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3 Evacuated Tube Collectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3.1 ETC design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3.2 ETC model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4 DHW storage tank. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4.1 DHW storage tank design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4.2 DHW storage tank model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4.3 DHW consumption hourly profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.5 House model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.6 Other system components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4 Overall system - Design and Model 45

4.1 Design and Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.2 Control strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.3 Model implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5 Results and Discussion 51

5.1 Results for averaged values between 1991 and 2020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.2 Results for year 2010 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6 Conclusions and future recommendations 75

Bibliography 79

vii





1
Introduction

In the last few years, more than 170 countries signed the Paris agreement to keep a global temperature rise well below
2°C above pre-industrial levels by reducing carbon emissions [1, 2].
In December 2019, the European Commission presented the European Green Deal, a document that provides a
roadmap with actions to boost the economy through green technology, creating sustainable industry and transport
and cutting pollution. This would make the European Union the first carbon neutral continent with the final goal of
having zero net-emissions by 2050 [3].
This means that for all sectors involved with greenhouse gases (GHG) emissions, alternatives that have zero carbon
footprint need to replace the current technologies that can no longer be used if we want to achieve such targets.

Among all different sectors, the residential sector is one of the biggest contributors to GHG emissions and most
of the energy is used for space heating (SH) and electrical appliances. The heating, ventilation and air conditioning
(HVAC) systems account for about one third of global GHG emissions [4]. Of the total final energy use in EU house-
holds, 79% is used for space heating and hot water consumption [5].
Moreover, the rapid increase of urban population (projected to be 66% of the global population by 2050) will increase
the energy demand of residential buildings even more [6].

If we look into the specific case of the Netherlands, the Energy Report published in 2016 by the Ministry of Eco-
nomic Affairs of the Netherlands stated that in 2012, just for space heating of homes, buildings and greenhouses,
about 45 million tonnes of CO2 were emitted in the atmosphere. In 2016, 790 petajoule (PJ) of energy mainly obtained
from natural gas were used to produce low-temperature heat for space heating. To meet the EU obligation to create an
energy-neutral built environment by 2050, the Netherlands aims at drastically reducing the utilisation of natural gas
for space heating so that by 2050 the provision of low-temperature heating can have zero CO2 emissions on balance
[7].
In the National Climate Agreement of the Netherlands, presented to the House of Representatives in June 2019, it is
stated that the objective for what concerns the built environment is to ensure a reduction of 3.4 Mt of carbon dioxide
by 2030 compared to the reference scenario. In order to achieve this, it is reported that roughly 1.5 million existing
homes will have to be made more sustainable by 2030. To achieve this objective, we need to move towards a system
where the application of circular heating is maximized, a system where we upgrade the waste heat instead of emitting
it into the environment. The report states that until 2030, innovation must focus on the completion of technologies for
temperatures up to about 300°C, such as heat pumps, while the shift in the highest temperature range will be achieved
after 2030. In this scenario, a substantial scaling up of the supply of sustainable heating is required and here the inno-
vation and cost reduction of new and existing technologies play a crucial role [8].
The reduction of natural gas consumption will be achieved thanks to a switch to alternative heat sources such as
geothermal energy, electric heat pumps, residual heat, biomass combined heat and power and others. The local avail-
ability of heat sources together with building density will be the two main factors that will dictate which technology
will be used. In areas with high building density, heat will be produced from various sources. In areas with lower
building density, electric heat pumps will be the best option to replace natural gas. In some neighbourhoods, green
gas will slowly replace natural gas [9].

In this work, we will focus on electric heat pump and in particular on solar-assisted ground-source heat pump
(SAGSHP) technology.
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2 1. Introduction

1.1. Thesis objectives
SAGSHP is a relatively new technology that has been investigated recently by many researchers as an alternative to
traditional gas boiler heaters for domestic applications. Different combinations of heat pump, solar collectors and
borehole heat exchangers can be used in a SAGSHP system and different combinations can have different benefits
and drawbacks. The objective of this thesis is to select appropriate system’s components and design and model a
solar-assisted ground-source heat pump system to provide space heating and domestic how water for a typical Dutch
terraced house. The goal is to try and find a solution that provides high performances together with being as sus-
tainable as possible and model the system to see how this would perform and if it can be an interesting alternative to
traditional gas boiler heating systems.

1.2. Research questions
The thesis work has been trying to answer the following questions:

1. What are the different technologies that were used for SAGSHPs in the past?

2. What is the best combination of technologies to be used in the specific case of Dutch terraced houses?

3. What models can be used to model the different components?

4. How can each component be designed and modelled?

5. How can the whole system be designed and modelled?

6. Can the system achieve a SCOP larger than 8?

7. Is this system economically competitive compared to a traditional gas heating system?

8. What is the advantage of this system compared to a gas heating system in terms of CO2 emission reduction?

The thesis outline has been developed trying to find an answer to the research questions presented above in the
order these are presented. This made it possible to gradually move towards the final objectives of the thesis. The
different chapters presented below have been written following these research questions. Each chapter tries to answer
one or more research questions.



2
Literature study

The goal of this section is to gain a better understanding of the basic working principles of solar assisted ground source
heat pump technology and of its main components.

In this chapter we try to find an answer to research questions no. 1, 2 and 3 provided in section 1.2 by looking
at the different technologies that have been used in the past for SAGSHP systems, by understanding what is the best
combination of technologies for the specific case of Dutch terraced houses and by investigating the models that can
be used to model the heat pump system and the BHE.

This section focuses on the literature study. It starts with a very generic explanation about heat pump systems in
general, all possible kinds of source and different thermodynamic cycles that are used nowadays. Then the focus will
shift towards the specific topic of ground source heat pumps, where the advantages of SAGSHP systems will be pre-
sented. Once the advantages of SAGSHP systems have been explained and the reasons for choosing this technology
are clear, every different main components used in this kind of system will be analysed in detail. The different avail-
able technologies with respective advantages and disadvantages will be presented in order to choose the appropriate
combination for the specific case of Dutch terraced houses. This choice is mainly based on the following criteria:

• maximize system performance,

• minimize environmental impact and resources depletion associated with production and utilisation of the dif-
ferent technologies,

• minimize the system’s cost.

Once the optimal system layout is defined, the final section is dedicated to studying and introducing the mathe-
matical models used for modelling the different system components.

2.1. Heat Pumps
The European Directive on the energy performance of buildings defines a heat pump as "a machine, a device or an
installation that transfers heat from natural surroundings (e.g air or water) to buildings or industrial applications by
reversing the natural flow of heat such that it flows from a lower to a higher temperature" [10].

The flow of heat from a source with low temperature to a sink with high temperature is achieved by consuming
drive energy and is based on a reverse Carnot cycle [11] as shown in Figure 2.1.

Classification There are different types of heat pumps and these can be classified based on several characteristic
features.

A first classification is based on the type of thermodynamic cycle. Here we can distinguish between vapour com-
pression and absorption heat pumps.

In vapour compression heat pumps, the thermodynamic cycle is a traditional inverse cycle, where the compressor
is driven either by an engine or by an electric motor. For the case of absorption heat pumps, no mechanical compres-
sor is used. What is used is a mixture of two fluids that have a different vapour pressure so that the more volatile one

3



4 2. Literature study

Figure 2.1: Operating principles of heat engines and heat pumps [12]

evaporates and then recombines with the other fluid [13]. Even though absorption heat pumps have some advan-
tages over vapour compression systems, such as a reduced dependency on electricity and more environment friendly
working fluids, this technology still needs improvements to achieve large scale commercialization [14].

For this reason, we are going to focus on vapour compression systems only, which are a more mature technology.

Another classification of heat pumps is based on the type of heat source used by the system [13].
The different kinds of heat sources that can be used in heat pump systems are:
• a gas

This can be either the outdoor air or warm air from ventilation or hot gases from industrial processes.
• a liquid

It can be either surface water (such as rivers, lakes or the sea) or ground water or discharged water (from domestic
applications or the water recirculated from cooling towers).

• the ground
[11]

The utilisation of heat pumps for heating/cooling purposes is increasing throughout the world and this is happen-
ing for different reasons.

First of all, compared to traditional heating systems, such as electric heater and gas boiler, heat pumps can produce
much more useful energy using the same input power. This makes such technology more sustainable than traditional
alternatives.

Another advantage of heat pump technology is that it allows to use renewable heat (such as aero-thermal or hy-
drothermal heat) to generate heat for buildings or industrial applications. Additionally, these systems are becoming
more and more efficient as well as cheaper, which makes them competitive also from the economical point of view
[15].

Working Principle The basic operation of a heat pump system consists in the absorption of heat from a low temper-
ature renewable energy source in order to produce higher temperature heat that can be then used for space heating
and domestic hot water (DHW) supply. They can be used both in heating mode or cooling mode by reversing the
refrigerant flow accordingly [16]. There are several different heat pump cycles that have been developed and investi-
gated for improving performances depending on the application and on the operating conditions. The most simple
cycle consists of a single stage compressor, a condenser, an expansion valve and an evaporator [17].
Since more complex systems introduce additional technical challenges and costs, in this work we are going to focus
on simple cycles.

For residential use, the simplest configuration of a heat pump consists of an outdoor unit and an indoor unit. The
outdoor unit contains the compressor and a heat exchanger which works as a condenser during summer and as an
evaporator in winter. On the other hand, the indoor unit consists of an expansion valve and another heat exchanger
which is complementary to the other one, hence working as an evaporator in summer and as a condenser in winter
[13].

The simplest refrigeration cycle consists of four different stages; an illustration of the four-stage heat pump system



2.1. Heat Pumps 5

is shown in Figure 2.2 while in Figure 2.3(a) and Figure 2.3(b) is shown the P −h and T −S diagram, respectively, for
the ideal vapour-compression refrigeration cycle. Here below each of the different stages is described:

(1→2) COMPRESSOR The refrigerant enters the compressor in gaseous state as saturated vapour and after undergo-
ing an adiabatic irreversible compression, it exits in a superheated state;

(2→3) CONDENSER The superheated gas goes through the condenser where the refrigerant gas is condensed into
liquid as a result of heat rejection to the surroundings;

(3→4) EXPANSION VALVE The liquid refrigerant goes through the expansion valve where it expands and it becomes
a mixture of liquid and gas at lower pressure and lower temperature;

(4→1) EVAPORATOR The mixture of liquid and gas goes through the evaporator, where it is completely vaporized by
absorbing heat from the low temperature heat source.

[15]

Figure 2.2: Four-stage refrigerant cycle [15]

The heat exchanged with the indoor environment is considered as the useful effect. This means, in winter the
useful effect is the heat provided to the indoor environment while in summer it is the heat removed from the indoor
environment [13].

The efficiency of an heat pump can be measured using an index called coefficient of performance (COP) which is
calculated as the ratio of the heat exchanged with the indoor environment and the energy input provided to run the
compressor [19].

COPheat =
QH

W
(2.1)

and

COPcool =
QC

W
(2.2)

Where COPheat and COPcool refer to the heating and cooling mode, respectively. QH is the heat exchanged with
the hot heat sink (in heating mode is the heat provided to the indoor environment) and QC is the heat exchanged with
the cold heat source (in cooling mode is the heat removed from the indoor environment). W is the energy input used
by the compressor. It needs to be stated that all of these quantities are referring to the absolute value of the work and
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(a) P-h diagram (b) T-S diagram

Figure 2.3: Ideal vapour-compression cycle [18]

heat and that the heat is considered positive when it is supplied by the cycle while the work supplied to the cycle is
negative.

By the first law of thermodynamics we know that W =QH −QC , which substituted in the equations above gives

COPheat =
QH

QH −QC
(2.3)

and

COPcool =
QC

QH −QC
(2.4)

The second principle of thermodynamics states that the following holds

− QH

TH
+ QC

TC
+S = 0 (2.5)

Where TH and TC are the temperatures of hot heat sink and cold heat source, respectively, and S is the amount of
produced entropy due to internal and external irreversibilities.

Rearranging Equation 2.5 we get

QC

QH
= TC

TH
− STC

QH
= TC

TH
(1− TH S

QH
) (2.6)

and
QH

QC
= TH

TC
+ STH

QC
= TH

TC
(1+ TC S

QC
) (2.7)

Rearranging Equation 2.3 and 2.4 and substituting the values obtained in Equation 2.6 and 2.7 we obtain the fol-
lowing values for the real efficiency of heat pump systems

COPheat =
1

1− QC
QH

= 1

1− TC
TH

(1− TH S
QH

)
(2.8)

and

COPcool =
1

QH
QC

−1
= 1

TH
TC

(1+ TC S
QC

)−1
(2.9)
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The maximum theoretical efficiency that a heat pump can achieve is given by the ideal Carnot cycle, where S = 0.
Substituting S = 0 in Equation 2.8 and 2.9 we get that the maximum theoretical efficiency of heat pumps in heating
and cooling mode is given by

COPheat =
TH

TH −TC
(2.10)

and

COPcool =
TC

TH −TC
(2.11)

Therefore, from this formula we can state that the maximum theoretical efficiency of a heat pump is affected by
the temperature difference between hot and cold source both in heating and cooling mode [13].
The heat source is not only affecting the coefficient of performance of the system but it has also an impact on the
system’s volume. Increasing the evaporation temperature will decrease the heat-exchanger volume which has a sig-
nificant impact on the initial cost of the system [17].

Other factors that influence the COP of a heat pump are the working medium which is used as well as the compo-
nents of the system [15].

The seasonal performance factor (SPF) is also used to characterize the performance of an heat pump system. The
SPF of an heat pump system is defined as the ratio of the useful energy output delivered by the system to the input
energy required by the system. This factor depends on all the energy-consuming units present in the system and not
only on the heat pump [20].

Ground source heat pumps (GSHP) In general, air source heat pumps are the most widespread technology in sus-
tainable buildings and industrial application [15].

However, in terms of performances, ground source heat pumps are the most competitive system [21]. This type of
heat pump absorbs heat from the ground by means of a ground heat exchanger. The pipes of the exchanger can be
installed either horizontally at a depth of 1-1.5 m underneath the surface or inside vertical boreholes that can have a
length of up to 200 m [22]. It is the more stable temperature of the ground, both during the day and throughout the
year, that makes this technology more performing than air source heat pumps [16]. Moreover, this systems have the
lowest CO2 emissions which means the lowest environmental impact and they use less energy compared to traditional
systems in different climates [22].

Ground source heat pumps are a very valuable alternative to air source heat pumps, especially in cold climates.
This is because air source heat pumps can have performance degradation due to frosting of the evaporator during
the heating periods, while with ground source heat pumps this risk is very low if the heat pump is properly designed
[23]. Additionally, in cold climates, the efficiency of air source heat pumps drops dramatically due to the very large
temperature difference between the two reservoirs, which has a negative effect on the performances of the system, as
shown by Equation 2.10 and 2.11. This is not the case for ground source heat pumps, where the temperature differ-
ence between the two reservoirs is reduced thanks to the insulating properties of the soil [13, 15].

For the aforementioned reasons, for the case of Dutch terraced houses the utilisation of ground source heat pumps
seems to be the best choice to maximize the performances of the system.

For what concerns the ground heat exchanger configuration, even though horizontal heat exchangers have lower
installation costs, the vertical ground heat exchanger is chosen in order to maximize systems performances. This is
the case since soil temperature is more stable at deep depth as shown in Figure 2.4. This makes the borehole heat ex-
changer (BHE) less influenced by ambient temperature variations and hence more efficient and requiring less pump-
ing energy [24, 25].

Refrigerants Another important factor that influences the performances of heat pump systems as well as their envi-
ronmental impact is the choice of the refrigerant that will be used in the vapour compression cycle of the heat pump.
There are several different kinds of refrigerants and the choice of these needs to be done properly to maximize the
performances of the system while minimizing its environmental impact.

Thanks to their good thermodynamic and thermo-physical properties, the most used refrigerants for vapour-
compression-based systems in the last century have been the halogenated refrigerants. The most used of these re-
frigerants are chemical compounds derived from hydrocarbons (HCs), either methane or ethane, where the atoms of
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Figure 2.4: Experimental (Exp) measure and calculated (cal) ground temperature at different depth at Varennes for April 10th and September 2nd ,
2014. [24]

hydrogen are substituted by either chlorine or fluorine. These refrigerants have, however, very poor environmental
properties since they have a very high ozone depletion potential (ODP) as well as a very high global warming potential
(GWP). Basic refrigerants have then been substituted by chlorofluorocarbons (CFCs) and hydro-chlorofluorocarbons
(HCFCs). However, these refrigerants are still armful to the environment and for this reason their use has been banned
in 1989 according to the Montreal Protocol [26].

Hydrofluorocarbons (HFCs) were used as alternative to the CFCs and HCFCs. These refrigerants don’t deplete the
ozone layer and share many of the positive properties of the CFCs and HCFCs. However, they still have high GWP
which makes them not very environment-friendly [27].

In 1997, thanks to the Kyoto Protocol, the utilization of halogenated refrigerants (hydrofluorocarbons - HFC) has
been limited because of their high GWP [28]. The EU Regulation No 517/2014 imposes the drastic reduction of HFC
refrigerants as well as of all other refrigerants with a high GWP in the coming future. [29, 30].

The other alternatives are natural hydrocarbons (HCs), HC-based mixtures, HFC-based mixtures, hydrofluoroolefins
(HFO) and inorganic refrigerants [26].

HCs and HC-based mixtures have good thermodynamic properties and have a lower GWP compared to HFCs
which makes these refrigerants environment-friendly. However, because of their high flammability, the use of these
refrigerants is limited in large capacity systems [26, 27, 31].

HFO refrigerants are unsaturated organic compounds composed of hydrogen, fluorine and carbon. Differently
from the other halogenated hydrocarbons such as CFCs, HCFCs and HFCs, HFOs have short atmospheric lifetime and
are chlorine free, which is the reason why they have zero ODP and extremely low GWP. Only a few HFO refrigerants
do not have the problem of being flammable and are suitable as refrigerants, having appropriate thermodynamic
properties [32].

Inorganic refrigerants, such as N H3 and CO2, are environment-friendly alternatives. However, the utilisation of
these refrigerants may reduce the system’s performances [26].

Table 2.1 reports the main characteristics of the most known types of refrigerants together with the restrictions
imposed by the different regulations on refrigerants. The toxicity level is indicated with the letters A and B, which
stand for low and high toxicity, respectively. The number after the letter refers to the level of flammability of the
refrigerants. The number 1 indicates no flame propagation and 3 high flammability. In the specific case of HFOs, the
index 2L indicates a mildly flammable refrigerant with a flammability in between the level 1 and 2.

The substitution of halogenated refrigerants with low GWP refrigerants requires a redesign of the components of
the heat pump to improve the performances at various operating conditions [28]. The development of systems that
use different and more environment-friendly refrigerants is therefore of fundamental importance in the near future.

For this reason, for the development of heat pump systems it is best to use refrigerants that have zero ODP and low
GWP values that are allowed by the EU regulation No 517/2014. However, if the utilisation of refrigerants with zero
ODP and low GWP reduce the overall efficiency of the system, the net global warming impact of the system is likely to
increase. For this reason, it is fundamental to find a fluid that together with accomplishing the GWP limitations can
also ensure a low energy consumption in vapour compression systems [29]. In this work, even if it may lower the per-
formance of the heat pump we are going to use refrigerants with zero ODP, low GWP and low flammability of toxicity.
From table 2.1 we can see that the refrigerants that satisfy this requirement are HFOs and inorganic refrigerants.
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Table 2.1: Comparison of different refrigerants [30, 33]

ODP GWP
Flammability
and Toxicity

Restrictions

CFC High High A1 Banned

HCFC Medium
Medium-

High
A1/A2 Banned

HFC Zero
Medium-

High
A1

Phasing out
(80%

reduction by
2030)

HC Zero Low A3 None

HFO Zero Low A2L None

Inorganic Zero Low A1/B2 None

2.2. Solar-Assisted Ground-Source Heat Pumps (SAGSHP)
In cold climates, where the thermal load profile of buildings is not balanced between heating and cooling, the heat
pump mainly works in heating mode and this implies that it extracts continuously heat from the ground. This causes
the ground temperature to decrease gradually during the years reducing the performances of the heat pump [34].
The integration of solar thermal collectors (STC) with GSHP can improve the system’s performance by stabilizing
or gradually increasing the mean ground temperature. Additionally, the recharging of the ground throughout the
summer solves the overheating problem of solar collectors which is typical of systems with low cooling demand [35]. It
has been found that, for a period of ten years, the seasonal efficiency of the system was stable thanks to the integration
of solar thermal collectors with geothermal systems [34]. The utilization of solar thermal collectors in combination
with GSHP in cold climates has been proved to reduce the length of the geothermal heat exchangers and therefore
lowering significantly the initial investment costs [36].

In cold climates, a further reduction in electricity consumption can be achieved by means of free ground cooling
(FGC). This mechanism directly cools the building in summer using the soil as the cold thermal source. Here the fluid
flows only through the heat exchanger while the heat pump is bypassed. FGC is not always applicable and its applica-
bility depends on the temperature of the working fluid entering the indoor ambient. The higher this temperature the
better the performances of FGC. When applicable, this mechanism allows to cool the indoor environment using very
little electricity since the heat pump is not used [16].

2.2.1. System’s components
The main components of a SAGSHP system are:

• Heat pump
• Solar thermal collectors
• Borehole heat exchanger

For each of these components, several technologies are currently available. While the different heat pump tech-
nologies have been discussed above, for solar thermal collectors and borehole heat exchangers it is worth to spend
some time looking into which are the different options and find the best solutions for the specific case of Dutch ter-
raced houses.

Solar thermal Collectors (STCs) For solar hot water and space heating, the solar collector types that are proposed
are flat plate collectors (FPCs), evacuated tube collectors (ETCs) and compound parabolic collectors (CPCs) [37]. How-
ever, in this work we will focus on the first two types of collectors (FPC and ETC) since these are the kind of solar ther-
mal collectors which are used the most for SH and DHW applications [38]. CPCs will not be taken into consideration
because these type of collectors are more convenient compared to FPCs and ETCs only in the case of higher temper-
atures. Additionally, the high maintenance cost of CPCs makes these collectors less attractive compared to the other
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types.

Flat-plate and evacuated tube collectors are non-concentrating collectors. These type of solar collectors are the
most used and most economic ones. They have the same area both for intercepting and for absorbing radiation and
they exploit both beam and diffuse radiation. No sun tracking technology is needed [39].

Flat-plate collectors are the most common solar collectors. The working principle is that the solar radiation heats
up the absorber sheet, a dark flat surface which converts the solar radiation into heat energy. The heat absorbed by
the absorber sheet is then transferred to the working fluid which flows through pipes that are attached to the absorber
sheet. A schematic of the components of a FPC is shown in Figure 2.5. These collectors have a simple design which
favours cheap manufacturing hence low initial costs. Moreover, these collectors are usually permanently fixed, hence
they don’t need any sophisticated positioning or mounting system [40].
This kind of solar collectors are low-temperature devices (< 100 °C) and are used for situations where the fluid tem-
perature needs to be heated to temperatures not higher than 80 °C [41].

Figure 2.5: Components of a flat plate collector, Illustration by Alfred Hicks/NREL [41]

The typical evacuated tube collectors are water-in glass, U-type and heat pipe collectors. They are all characterized
by the presence of vacuum between the absorber sheet and the transparent cover in order to reduce heat losses due
to convection and conduction [37].
Here we are going to focus only on heat pipe solar collectors.

These collectors are made up of parallel rows of twin glass tubes, inside the inner glass tube there is a metal heat
pipe attached to the absorber sheet. A schematic of a typical heat pipe ETC is shown in Figure 2.6.
The working principle of these collectors is based on the evaporation of the heat transfer fluid inside the heat pipe
which then rises to a condenser placed at the top of the pipe. The water flowing through a manifold absorbs the heat
and the condensed fluid falls back to the bottom of the pipe [42].

A schematic of this phenomenon is shown in Figure 2.7.

The main advantages of the utilisation of heat pipes in these kind of collectors is a low thermal resistance and a
high heat removal from absorbing surface [43]. Moreover, the fact that the heat transfer is based on phase change pro-
cess implies a high heat transfer coefficient [44]. With this type of collectors the working fluid can reach temperatures
up to about 200 °C. In cold climates, ETCs generally are more efficient than FPCs since their efficiency is less affected
by the outside temperature [41].
Compared to flat-plate collectors, this kind of collectors are used either to reach higher temperatures or to reduce the
area of the solar field [45].
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Figure 2.6: Evacuated tube solar collector [42]

Figure 2.7: Working principle of evacuated tube solar collector [46]

In Table 2.2 a comparison of these different solar collector technologies is reported. The indications on efficiency
and initial and maintenance cost for each technology are given relatively to the other technology considered.

Table 2.2: Comparison of solar thermal technologies

FPC ETC

T range (°C) 30-80 50-200
Efficiency (Low irradiance) Lower Higher
Efficiency (High irradiance) Higher Lower

Initial cost Lower Higher
Maintenance cost Higher Lower

Solar thermal collectors can be placed either in series or in parallel arrangements. While the parallel arrangement
is preferred to minimize the pressure drop, it requires a more complicated control of the system to ensure the same
flow rate of working fluid through each panel. A rule of thumb is to use a series arrangement when the design system
flow rate is low and parallel branches of series collectors when the design system flow rate is high [16].

The performances of solar collectors used for DHW and SH are measured in terms of solar fraction (SF). This
quantity measures the percentage of heating energy that is supplied by solar energy on an annual base and it can be
used to compare the performances of different systems [41]. The value of SF can be calculated as shown by Equation
2.12
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SF = Qsol

Qheat
= Qsol

QSH +QD HW
(2.12)

Where Qsol is the solar energy supplied to the system, Qheat is the overall energy supplied for heating, QSH is the
portion of energy used for space heating and QD HW is the portion of energy used for DHW. All this quantities are
measured in kW h [47].

Another parameter that is generally used to quantify the performances of solar collector systems for SH and DHW
applications is the annual system efficiency ηsol which calculates the fraction of solar energy reaching the collectors
that is supplied to the hot tank. The efficiency of a solar collector is calculated as shown by Equation 2.13

ηcol l =
Qsol

Qi nc
(2.13)

Where Qi nc is the solar energy that reaches the collectors on an annual basis measured in kW h/year . The incident
solar energy is calculated as

Qi nc = Acol l ∗ I r r (2.14)

Where Acol l is the area of solar collectors (m2) and I r r is the annual solar irradiance measured in kW h/(m2 ∗
year ).

Among these two technologies, flat-plate collectors provide best performances for low temperature applications
based on solar contribution [48].

However, in this work FPC technology will not be considered because of the drawbacks of such technology when
used for applications in cold climates, where their technical and economical advantages are highly reduced. In par-
ticular, FPCs have lower efficiencies (below 40%) in cold climates because their efficiency is highly affected by outside
temperature [49].

On the other hand, because of their very good antifreeze capabilities, ETCs may be an interesting alternative for
the case of Dutch terraced houses [50].

[51] compared the performance of FPC and ETC for buildings in both hot and cold climates. The results showed
that the yearly useful energy gain of ETC compared to FPC is 15 % higher in hot climates and 30 % higher in cold
climates. They also performed an economical analysis which showed that FPC are preferred in hot climates while ETC
in cold climates.

For these reasons, in this work ETCs will be considered as the solar collector technology utilised in the SAGSHP
system for Dutch terraced houses.

Borehole Heat Exchangers (BHE) When used for thermal storage, BHEs constitute one of the main components of
the systems and its configuration and dimension have high influence on both the performances and the initial cost
of the system [16]. In general, BHEs have a depth in the range of 50 - 200 m [52]. The depth of the borehole has a big
influence on the system’s performance and cost. Increasing the BHE depth increases the total extracted heat as well as
the temperature difference between inlet and outlet, hence improving the performance of the system but at the same
time increasing its cost. An optimum depth can be found by a trade-off between performance and cost [53].
The storage surface of the system determines the heat losses while the volume defines the storage capacity. The
volume of such system should be large enough since a good surface-to-volume ratio can limit the heat losses to the
ground [54].

Figure 2.8: Borehole Heat Exchanger [53]

The pipes which are inserted in the ground are generally made of polymers (either polyethylene or polypropylene)
and can have varying diameters depending on the specific application [52]. Other materials widely used for the pipes
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of the heat exchanger are steel, copper and polyvinyl chloride (PVC) [54]. In general, it has been shown that the pipe
material affects the rate of heat exchange less than 1% and it doesn’t affect the system performance [53]. A pipe made
of high-density polyethylene (HDPE) will be used in this study.

In order to reduce the thermal resistance and to ensure good contact between the pipes and the ground, the space
between pipes and ground should be filled with an appropriate material that enhances the thermal connection to the
soil [52].

The geometry of the BHEs is another important factor in determining the system’s performances and costs. In
Figure 2.9 and Figure 2.10 the main BHEs geometries are shown. In the literature, the most used geometry is the U-
tube. This includes single, double and triple U-tube configuration as well as multiple configurations [53]. Double
U-tube BHEs have a higher specific thermal power and higher efficiencies than single U-tube exchangers [55, 56]. On
the other hand, construction costs are almost one third higher for double U-tube configurations compared to single
U-tube ones. [56]. Triple U-tube BHEs show the highest net output energy followed by double U-tube heat exchangers
[57].

Figure 2.9: Schematic diagram of different types of BHEs (from left to right: single U-pipe, double U-pipe and coaxial) [58]

Alternatives to U-tube BHEs are coaxial, W-tube and helical BHEs.
Coaxial BHEs are the most competitive and interesting alternative to U-pipe BHEs since W-tube BHEs are not very
widespread and helical BHEs have the drawback of having a very high pressure drop over the heat carrier fluid [57, 60]

Coaxial BHEs are generally the most advantageous exchangers in terms of performance [61]. It has been shown
that the borehole thermal resistance of a coaxial BHE can be significantly lower than the thermal resistance of single
U-pipe BHEs but higher than that of double U-pipe BHEs [58]. The larger the coaxial BHE the higher is its thermal re-
sistance but at the same time also the storage capacity increases which allows for substantial reduction in the borehole
length [? ]. A borehole length reduction of up to 23% has been estimated when using coaxial BHEs instead of U-pipe
BHEs. A further advantage of coaxial BHEs is a reduced pressure drop of the heat carrier fluid [58]. In particular, this
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Figure 2.10: Schematic diagram of different types of BHEs (left double w-type, right helical type) [59]

reduced pressure drop is very useful when deeper boreholes are used.
The main drawback of this technology is the higher construction cost compared to U-tube BHEs [61].

Even though coaxial BHEs present several advantages compared to U-tube BHEs, in this work we will focus on sin-
gle U-tube BHEs since this is the most widespread technology and coaxial BHEs are generally used for deep boreholes
while in the case of SAGSHPs the borehole is generally not that deep to justify the utilisation of coaxial BHEs.

Eventually, the choice of the working fluid is another thing that has influence on the performance of the system.
Desired properties of the working fluid are a high heat capacity as well as a not too high viscosity [62]. The most used
working fluid is pure water, followed by glycol and gasoline. Water has significant advantages over other working fluid
because of its availability and low cost [? ]. A research done on water, glycol and gasoline as fluid carriers showed that
more heat can be recovered and stored when using water compared to glycol and gasoline [62]. Because of its low
cost, high availability and the other advantages mentioned above, in this work water will be considered as the working
fluid. When water is used as fluid carrier, the addition of antifreeze solutions is needed only when the working fluid’s
temperature can fall below 0 °C [54].
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2.2.2. Operating modes
A SAGSHP system can have different operating modes. The different modes are mainly defined by the way the solar
heat absorbed by the solar collectors is used in the system. Different operating modes are preferred to maximize the
effective use of the solar energy depending on borehole depths, STC typology and area of the solar collectors [47].

Recharging mode In the recharging mode, all the heat absorbed by solar collectors is used to recharge the BHE. In
this operating mode, the solar system is connected only to the ground [63].

Limited recharging mode The recharging of the BHE is limited to the cold months of the year while the rest of the
year the solar heat is used for DHW and SH through the hot tank [64]. [47] in his work used as recharging period the
time from November to February while from March to October the solar collectors were connected only to the storage
tank.

Temperature based recharging mode In this operating mode, the solar heat is used primarily for DHW and SH and
only once the DHW and SH requirements are satisfied the solar heat is used for recharging the BHEs. This system
allows to maximize the utilisation of solar energy and this makes it the most interesting operating mode [47]. The
injection of solar heat in the ground is controlled by the temperature difference between the outlet temperature of
the hot tank and the inlet temperature, which corresponds to the outlet temperature of the BHEs. Only when this
difference is higher than a certain value then the system switches to ground charging [64].

[47] compares the performances of different SAGSHP systems (different borehole length and area of solar collec-
tors) for a cold climate using the above mentioned operating mode for the same heating requirements. In this work, a
single U-tube BHE was used. Part of the results of his work can be summarized in Table 2.3 where for each combina-
tion of borehole length and solar collector area, the collector types for which the temperature based recharging mode
was preferred are reported.

Table 2.3: BHE length, solar field area and collector type for which the temperature based recharging mode is preferred to others [47].

70.5 m 100.5 m 150.5 m

46.8 m2 FPC FPC/ETC FPC/ETC
93.6 m2 ETC ETC ETC

2.3. Selection of SAGSHP components for utilisation in Dutch terraced house
The different technologies used in SAGSHPs have been studied and compared in order to select the most suitable
combination for Dutch terraced houses with the goal of maximizing system’s performance and efficiency, minimizing
environmental impact and resources depletion while still trying to maintain competitive costs. In most cases, as ex-
pected, a trade-off between these goals was found.

The following conclusions have been drawn from this initial investigation to answer the research question no. 2 "What
is the best combination of technologies for a SAGSHP system to be used in the specific case of Dutch terraced houses?":

• Vapour-compression heat pumps are a better option than absorption heat pumps since absorption heat pumps
still need improvements to achieve large scale commercialization;

• The refrigerant used in the heat pump will be selected among refrigerants that have a low GWP, zero ODP and
low flammability. The chosen refrigerants are HFO and inorganic refrigerants since these can provide good
performances and have a low GWP and zero ODP;

• Heat pipes ETC are preferred to FPC because of their higher efficiency in cold climates;

• Vertical BHE ensure a higher system’s efficiency compared to horizontal BHE because of the underground soil
temperature profile being more stable at larger depths;

• The single U-tube is the selected geometry for the system since it gives a good trade-off between performance and
cost;

• Water has been selected as the BHE working fluid because of its high heat capacity, low cost and availability; it can
be mixed with ethylene-glycol if risk of freezing can occur.

• A recharging mode has been chosen as the main operation mode in order to use the ETC heat output to recharge
the BHE only.
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2.4. Systems model
The different components of the SAGSHP system have different impacts on the systems behaviour. The level of detail
of the model of each component will change depending on the impact of the component on the behaviour of the
system.

In our case, we are mainly interested in the heat pump and the BHE which have the main influence on the system
performance and which should be modelled accurately while the model for ETCs will have a lower accuracy since this
component has a lower impact on the performance of the system. In the following section, we will focus on the heat
pump and BHE models while the ETC model, together with the storage tank and the other additional components,
will be presented directly in the section where the model implementation is discussed.

2.4.1. Single U-tube BHE model
There are several different analytical and numerical models that have been developed in the past years to model the
thermal behaviour of BHEs. The analytical models that have been developed can be divided into two main groups:
line source models and surface source models. Both these models have been used in different studies to perform
long-term simulation and analysis of BHE. However, these analytical models are not able to simulate the BHE thermal
behaviour in the case of quick variations of operational conditions. Therefore, in order to model the heat transfer
mechanism occurring inside the single U-tube BHE when quick changes in operational conditions occur (such as on-
off cycles of heat pump or flow rate and temperature variation), a numerical unsteady heat transfer model is required
in order to be able to predict the short-term response of the system [65].

There are different heat transfer mechanisms which occur in a U-tube BHE. Convective heat transfer occurs be-
tween the working fluid and the U-pipe while conduction heat transfer occurs between the U-pipe and the grout
and between the grout and the soil. The governing equations of the heat transfer process for each region of the BHE
are obtained combining the energy balance relationships among the different heat exchange media and the thermal
resistance model as suggested by [66]. Once the governing equations are obtained, these are solved using the Crank-
Nicolson method, a fully implicit numerical method which combines high accuracy with stability.

The following simplifying assumptions have been made:

1. The heat transfer in vertical direction between different grid elements of the grout and ground domain is consid-
ered to be negligible compared to the heat transfer in the radial direction.

2. The ground is considered to be an homogeneous medium having homogeneous properties and underground water
flow is not taken into account.

3. Both in the grout and in the ground domains, the only heat transfer mechanism considered is conduction.

4. Material properties of both ground, grout and U-pipe are independent of temperature. An average value is consid-
ered for the simulation.

5. Ground temperature at far boundary is not affected by the heat transfer in the BHE and remains constant.

6. The contact resistance between U-tube and grout and between borehole wall and ground is considered to be neg-
ligible.

7. The heat generated by the viscous friction is assumed to be negligible since it is much smaller than the heat ex-
change occurring between the different media.

Energy balance equations The derivation of the energy balance equations follows the procedure suggested by [66].
Here the control volume shown in Figure 2.11 is used to describe the heat transfer process occurring inside the BHE.
In Figure 2.12 are shown the energy interactions occurring for a fluid element inside the U-tube both for an ith fluid
element and for the first fluid element. Here, the inlet pipe is called tube-u and the outlet pipe is called tube-v.

The two-dimensional thermal resistance and capacity model which is combined with the energy balance equation
is the model developed by [67]. This is shown in Figure 2.13.

The equation for the i th fluid element inside the tube-u can then be obtained making an energy balance on the
node inside the fluid as shown in Figure 2.12. The resulting equation is:

M f cp f

dT fu

d t
= ṁ f cp f T fu ,i−1 −ṁ f cp f T fu ,i −

T fu ,i −T fv ,i

R f f /∆z
− T fu ,i −Tg ,i

R f g /∆z
(2.15)
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]

Figure 2.11: Schematic diagram of borehole and grid scheme inside the borehole [66]

Figure 2.12: Energy interaction on node inside tube-u and tube-v: (a) ith fluid element and (b) the first fluid element [66]
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Figure 2.13: Thermal circuit inside and outside the borehole [66]

Following the same procedure, the equations for the i th fluid element inside the tube-v and for the grout element
inside the borehole are obtained as shown by Equation 2.16 and Equation 2.17, respectively

M f cp f

dT fv

d t
= ṁ f cp f T fv ,i+1 −ṁ f cp f T fv ,i +

T fu ,i −T fv ,i

R f f /∆z
− T fv ,i −Tg ,i

R f g /∆z
(2.16)

Mg cpg

dTg ,i

d t
= T fv ,i −Tg ,i

R f g /∆z
+ T fu ,i −Tg ,i

R f g /∆z
− Tg ,i −Tb,i

Rg b/∆z
(2.17)

Eventually, the energy balance equation for the k th element outside the borehole is obtained as follows:

Ms,k cps

dTs,k

d t
= Ts,k−1 −Ts,k

Rs,k /∆z
− Ts,k −Ts,k+1

Rs,k+1/∆z
(2.18)

where k = 1,2,3, ...,n. For k = 1, Ts,0 = Tb and for k = n, Ts,n+1 = To

In the above equations the subscripts f , g , b and s, refer respectively to the working fluid, the grout, the borehole
wall and the soil. M is the mass of the discretized element [kg ], cp is the specific heat of the material [J/(kg °C)], ṁ f

is the mass flow rate of the working fluid [kg /s], ∆z is the length of the discretized element in the vertical direction
[m], R f f is the thermal resistance per unit length between the upward and downward flowing fluid, R f g is the thermal
resistance per unit length between the working fluid and the grout, Rg b is the thermal resistance per unit length be-
tween the grout and the borehole wall, Rs,1 is the thermal resistance per unit length between the borehole and the soil
(= Rbs ) and Rs is the thermal resistance per unit length between two adjacent soil elements. The unit of measurement
of the thermal resistance per unit length is (m°C)/W .

The thermal resistance per unit length between the upward and downward flowing fluid (R f f ) can be calculated
using the following equation [68]:

R f f =
R11R22 −R2

12

R12
(2.19)
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where R12 is the thermal resistance between the centres of the two legs, R11 and R22 are the thermal resistances be-
tween the borehole wall and the circulating fluid inside a certain U-tube leg, respectively. In the case of symmetrically
disposed U-tube legs, R11 = R22 and hence Equation 2.19 can be rearranged as follows:

R f f =
R2

11 −R2
12

R12
(2.20)

The two terms R11 and R12 are calculated using the following equations [68]:

R11 = 1

2πkp
ln

( rpo

rpi

)
+ 1

2πrpi hc
+ 1

2πkb

(
ln

rb

rpo
+ kb −ks

kb +ks
l n

r 2
b

r 2
b − s2

)
(2.21)

R12 = 1

2πkb

(
ln

rb

2s
+ kb −ks

kb +ks
l n

r 2
b

r 2
b + s2

)
(2.22)

where k is the thermal conductivity [W /(m°C)], rpi and rpo are respectively the inner and outer radius of the U-
pipe [m], hc is the convective heat transfer coefficient between the working fluid and the inner wall of the U-pipe
[W /(m2°C)] and s is the shank spacing which is defined as half of the distance between the centres of the two legs of
the U-pipe.

The calculation of the thermal resistance between the working fluid and the grout (R f g ) is calculated using the
following equation [67]:

R f g = Rp +xRg (2.23)

where Rp is the thermal resistance which includes the convection resistance of the fluid in the pipe and the con-
duction resistance of the pipe wall, Rg is the conduction resistance of the grout and x is the location of the grout centre
of mass. These are calculated using the following equations, respectively:

Rp = 1

2πrpi h
+ 1

2πkp
l n

( rpo

rpi

)
(2.24)

Rg = 1

2πkb

(
l n

rb

rpo
+ kb −ks

kb +ks
ln

r 2
b

r 2
b − s2

)
+ 1

2πkb

(
l n

rb

2s
+ kb −ks

kb +ks
ln

r 2
b

r 2
b + s2

)
(2.25)

x =
ln

(√
r 2

b+r 2
po

2rpo

)
l n

(
rb

rpo
p

2

) (2.26)

Eventually, the thermal resistance between the grout and the borehole wall (Rg b) and the thermal resistance be-
tween different elements of the soil outside the borehole (Rs,k ) are calculated using the following equations:

Rg b = (1−x)Rg (2.27)

Rs,k = 1

2πks
ln

( rs,k

rs,k−1

)
(2.28)

where∆r is the dimension of the discretized element in the radial direction outside the borehole [m] and rs,k is the
radial distance of the inner face of the k th node outside the borehole [m]. The radial distance rs,k can be calculated as
follows:

rs,k = rb +
∆r

2
+ (k −1)∆r (2.29)

For the first node outside the borehole, the thermal resistance is given by

Rs,1 = 1

2πks
ln

( rs,1

rb

)
(2.30)

The convective heat transfer coefficient which describes the convective heat transfer mechanism that occurs be-
tween the heat transfer fluid and the inner wall of the U-pipe is calculated using the Dittus-Boelter correlation [68]
described by Equation 2.31

hc = 0.023Re0.8Pr n k f

2rpi
(2.31)
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where n = 0.3 for cooling, n = 0.4 for heating, Re is the Reynolds number and Pr is the Prandtl number. In general,
these can be calculated as shown in Equation 2.32 and 2.33.

Re = 4ṁ

πµd
(2.32)

Pr =
cp f µ

k f
(2.33)

where ṁ is the working fluid mass flow rate (kg /s), µ is the dynamic viscosity of the working fluid (Pa ∗ s).

Numerical solution Discretization of the energy balance equations provided above is done using a fully implicit
numerical method in order to ensure that the numerical model is stable. In particular, as mentioned above, the Crank-
Nicolson method is used as suggested by [66] since it guarantees high accuracy and it is unconditionally stable.

In the Crank-Nicolson method, for any time step j we have that

T j+1 = T j +
{[dT

d t

]
T=T j ,t=t j

+
[dT

d t

]
T=T j+1,t=t j+1

}
∆t

2
(2.34)

that is, the time rate of change for the time step is estimated based on the average of its value at the beginning and
at the end of the time step.

This method will be applied on each energy balance equation obtained above (Equations 2.15, 2.16, 2.17 and 2.18)

Starting with the i th element inside tube-u, the Crank-Nicolson equation can be written as

T j+1
fu ,i = T j

fu ,i +
{[dT fu

d t

] j +
[dT fu

d t

] j+1
}
∆t

2
(2.35)

The term
dT fu

d t at both time j and j + 1 can be obtained rearranging Equation 2.15. Substituting this term into
Equation 2.35 we get the following:

T j+1
fu ,i = T j

fu ,i +
{ T j

fv ,i −T j
fu ,i

M f cp f R f f /∆z
+

T j
g ,i −T j

fu ,i

M f cp f R f g /∆z
+ ṁ f

M f

(
T j

fu ,i−1 −T j
fu ,i

)
+

+
T j+1

fv ,i −T j+1
fu ,i

M f cp f R f f /∆z
+

T j+1
g ,i −T j+1

fu ,i

M f cp f R f g /∆z
+ ṁ f

M f

(
T j+1

fu ,i−1 −T j+1
fu ,i

)}∆t

2
(2.36)

In order to be able to solve this equation using MATLAB, this equation needs to be rearranged in matrix form as
follows:

− ṁ f ∆t

2M f
T j+1

fu ,i−1+
[

1+∆t

2

( 1

M f cp f R f f /∆z
+ 1

M f cp f R f g /∆z
+ ṁ f

M f

)]
T j+1

fu ,i −
∆t

M f cp f R f f /∆z
T j+1

fv ,i −
∆t

M f cp f R f g /∆z
T j+1

g ,i =

= ṁ f ∆t

2M f
T j

fu ,i−1 +
[

1− ∆t

2

( 1

M f cp f R f f /∆z
+ 1

M f cp f R f g /∆z
+ ṁ f

M f

)]
T j

fu ,i (2.37)

The same procedure is followed for all the other domains of the borehole heat exchanger. The final equations
rearranged in matrix form for the i th fluid element inside tube-v, for the i th grout element and for the k th soil element
outside the borehole, are given by Equations 2.38, 2.39 and 2.40, respectively.

[
1+ ∆t

2

( 1

M f cp f R f f /∆z
+ 1

M f cp f R f g /∆z
+ ṁ f

M f

)]
T j+1

fv ,i −
ṁ f ∆t

2M f
T j+1

fv ,i+1−
∆t

M f cp f R f f /∆z
T j+1

fu ,i −
∆t

M f cp f R f g /∆z
T j+1

g ,i =

=
[

1− ∆t

2

( 1

M f cp f R f f /∆z
+ 1

M f cp f R f g /∆z
+ ṁ f

M f

)]
T j

fv ,i +
ṁ f ∆t

2M f
T j

fv ,i+1+ (2.38)
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[
1+ ∆t

2

( 2

Mg cpg R f g /∆z
+ 1

Mg cpg Rg b/∆z

)]
T j+1

g ,i − ∆t

2

(
1

Mg cpg R f g /∆z
T j

fv ,i +
1

Mg cpg R f g /∆z
T j

fu ,i+

+ 1

Mg cpg Rg b/∆z
T j

b,i

)
=

[
1− ∆t

2

( 2

Mg cpg R f g /∆z
+ 1

Mg cpg Rg b/∆z

)]
T j

g ,i+

+ ∆t

2

(
1

Mg cpg R f g /∆z
T j

fv ,i +
1

Mg cpg R f g /∆z
T j

fu ,i +
1

Mg cpg Rg b/∆z
T j

b,i

)
(2.39)

− ∆t

2Ms,k cps Rs,k /∆z
T j+1

s,k−1 +
[

1+ ∆t

2

( 1

Ms,k cps Rs,k /∆z
+ 1

Ms,k cps Rs,k+1/∆z

)]
T j+1

s,k +

+ ∆t

2Ms,k cps Rs,k+1/∆z
T j+1

s,k+1 =
∆t

2Ms,k cps Rs,k /∆z
T j

s,k−1+

+
[

1− ∆t

2

( 1

Ms,k cps Rs,k /∆z
+ 1

Ms,k cps Rs,k+1/∆z

)]
T j

s,k +
∆t

2Ms,k cps Rs,k+1/∆z
T j

s,k+1 (2.40)

Boundary and initial conditions The following boundary conditions (BC) and initial conditions (IC) will be applied
to the numerical model:

I.C. The initial temperature of the working fluid, the grout and the soil is equal to the undisturbed ground temperature
T0

[T 0
fu
= T 0

fv
= T 0

g = T 0
b = T 0

s = T0]

B.C. The temperature of the working fluid in the upper node of tube-u (i=0) will be equal to the inlet temperature of
the fluid inside the tube

[T fu ,0 = T f ,i n]

B.C. The temperature of the working fluid inside the tube-u at the last node (i=M )is equal to the temperature of the
fluid entering the tube-v

[T fu ,M = T fv ,M+1]

2.4.2. Heat Pump model
The model of the heat pump cycle is based on energy and mass balances between the different thermodynamic stages
of the cycle. The chosen configuration for the heat pump cycle is shown in the flow sheet in Figure 2.14

Compared to the basic four-stage cycle shown in Figure 2.2, in the flow sheet we can notice the presence of an
internal heat exchanger (IHX). Even though the addition of an IHX implies a higher initial cost, it can increase signif-
icantly the COP of the heat pump because the working fluid is superheated using the heat coming from the further
subcooling. This results in a higher temperature of the refrigerant entering the condenser and therefore a higher COP
[69].

In the flow sheet we can also see the subdivision of the condenser into three separate heat exchangers, namely
desuperheater, condenser and sub-cooler. These are the three stages of the condensation.

In the desuperheater the high temperature refrigerant coming from the compressor is cooled down to the conden-
sation temperature.
In the condenser only latent heat is transferred to the sink stream. In this stage the refrigerant condenses. The sink
stream is heated up while the temperature of the refrigerant remains constant.
In the subcooler, the entering refrigerant is in liquid form and it is further cooled down exchanging more heat with the
sink stream.
These three stages will be modelled separately.

The compressor will be modelled considering the isentropic efficiency characteristic curve of the compressor. In
case the compressor pressure ratio is too high, a two stage compressor can be considered.

In order to determine the relevant thermodynamic states of the refrigerant at each stage of the cycle, the software
REFPROP [70] will be used. If two of the thermodynamic properties of the refrigerant are known, the software allows
to calculate the remaining thermodynamic properties of the fluid.
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Figure 2.14: Flow sheet of the heat pump cycle

[69]



3
Components - Design, Model and Validation

The design choices together with the model implementation for each main component of the system are reported in
this section.
Here we try to answer to research question no. 4 provided in section 1.2 by showing how the different components of
the SAGSHP system are designed and how the equations to model each separate sub-system have been implemented.

3.1. Heat Pump
3.1.1. HP design
The heat pump design has been done following certain parameters and different design choices came out during the
process.

General cycle layout
In Figure 3.1 we can see the general layout of the heat pumps for both SH and DHW. A first design choice was to split
the DHW and space heating production since the temperature requirements for DHW are higher than the temper-
ature requirements for SH. In particular, the water stored in DHW tanks requires to reach a temperature of 65°C in
order to prevent legionella growth while for SH a much lower temperature is sufficient. Therefore, dividing these two
processes using two heat pumps makes it possible to have a SH HP with a higher COP since Tcond is reduced for the
SH HP. Additionally, the fact that DHW needs to be drinkable while SH water doesn’t need that, makes the separation
a convenient way to reduce the amount of drinkable water that needs to be used. With these considerations in mind,
the final design has been done as shown in Figure 3.1. Here we can see that a booster heat pump is used to produce
DHW. This HP uses the final heat delivered by the SH condenser as the heat source. This is possible since the heat
required by DHW is much less than the SH heat load and in this way the condensation temperature of the DHW HP is
higher but however quite close to the evaporation temperature, hence giving high COP values.

23
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Figure 3.1: Layout of the heat pump cycle

Refrigerant selection

The refrigerant has been chosen following the guidelines presented in the literature review. The basic idea is to choose
a refrigerant which has a very low GWP, zero ODP and low flammability. Amongst the HFOs and the inorganic refrig-
erants, the chosen refrigerant is R1234ze since it has a very low GWP (7), zero ODP and the ASHRAE safety group A2L
(low flammability and no toxicity).

Assumptions

The assumptions made in the design of the SH and DHW HPs are the following

• The pressure drop through the heat exchangers and pipes has been assumed to be negligible since the evapo-
rating pressure of the refrigerant is still quite high and such pressure drops wouldn’t affect much the HP perfor-
mance;

• A constant enthalpy process has been considered for the valve in both SH and DHW HPs (hD HW6 = hD HW5 and
hSH7 = hSH6 )

• Some states were considered to be in saturated conditions, namely SH8, SH3, D HW7 and D HW3 are in saturated
vapour conditions while SH5 and D HW4 are in saturated liquid conditions;

• For the compressor, the heat loss was considered negligible, the motor efficiency (ηSHmotor ) has been set to 95%
while the volumetric efficiency (ηSHcompvol

) to 90%.

• The overall heat transfer coefficients were assumed constant for each heat exchanger:

– Ucond = 800 (W /(m2 ∗K ))

– Ud sh = 200 (W /(m2 ∗K ))

– Uevap = 700 (W /(m2 ∗K ))

– Ui hx = 200 (W /(m2 ∗K ))

• The design conditions assumed for the design calculations are reported in Table 3.1
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Table 3.1: Design conditions

Description Parameter Value Unit

SH peak load Q̇SHpeak 4000 W

DHW peak load Q̇D HWpeak 500 W

Ambient
temperature

Tamb -10 °C

SH source inlet
temperature

TSHsour ceI N
7 °C

SH source outlet
temperature

TSHsour ceOU T
4 °C

SH sink outlet
temperature

TSHsi nkOU T
45 °C

SH sink inlet
temperature

TSHsi nkI N
40 °C

DHW sink
temperature

TD HWsi nk 65 °C

SH sink pinch
temperature

DTpi nchsi nkSH
5 °C

SH source pinch
temperature

DTpi nchsour ceSH
3 °C

SH ihx pinch
temperature

DTpi nchi hxSH
5 °C

DHW sink pinch
temperature

DTpi nchsi nkD HW
5 °C

DHW source
pinch

temperature
DTpi nchsour ceD HW

3 °C

DHW ihx pinch
temperature

DTpi nchi hxD HW
5 °C

Design procedure

Here below the steps done to design the heat pumps are reported:

1. The first step is to calculate the evaporation and condensation temperatures of the SH cycle. This is done im-
posing the minimum pinch temperature on the condenser and on the evaporator. The minimum pinch tem-
perature is inversely proportional to the heat exchanger area. Therefore a trade off between performance (small
pinch temperature) and cost (small HX area) needs to be found. The evaporation and condensation tempera-
tures are calculated as follows

TSHevap = TSHsour ceOU T
−DTSHpi nchsour ce

(3.1)
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TSHcond = TSHsi nkOU T
−DTSHpi nchsi nk

(3.2)

where DTSHpi nchsour ce
= 3°C and DTSHpi nchsi nk

= 5°C

2. Once the evaporation and condensation temperatures are known, evaporation and condensation pressures are
calculated using Refprop;

3. From the condensation pressure, states 8, 3 and 5 can be calculated by using Refprop and imposing a vapour
quality of 1 for state 8 and state 3, and a vapour quality of 0 for state 5;

4. Knowing TSH5 it is possible to calculate TSH1 by imposing the minimum pinch temperature on the IHX

TSH1 = TSH5 −DTSHpi nchI H X
(3.3)

From TSH1 , the rest of the state variables for state 1 can be calculate using Refprop.

5. The next step is to calculate state 6. This can be done calculating the enthalpy first and then using Refprop to
calculate the other state variables. The enthalpy was calculated as follows:

hSH6 = hSH5 −
Q̇SHI H X

ṁSH
(3.4)

where
Q̇SHI H X

ṁSH
= hSH1 −hSH8 (3.5)

6. Knowing the pressure ratio of the compressor and the state variables of state 1, we can calculate state 2.
The first step is to calculate the isentropic efficiency (function of the pressure ratio). Then the isentropic en-
thalpy is calculated assuming sSH2i s

= sSH1 . From the isentropic entropy, the isentropic enthalpy can be calcu-
lated using Refprop. Eventually, knowing the isentropic efficiency and the isentropic enthalpy value, the follow-
ing equation is used to calculate the actual enthalpy of state 2

hSH2 = hSH1 +
hSH2i s

−hSH1

ηSHi s

(3.6)

7. Once all state variables are know for state 2, it is possible to calculate the mass flow rate of refrigerant. This can
be calculated by imposing that from state 2 to state 5 the heat delivered matches the sum of the SH heat load
and a percentage of the DHW heat load. In particular, the following equation is used to calculated the required
mass flow rate of refrigerant.

ṁSH =
Q̇SHpeak +0.85∗Q̇D HWpeak

(hSH2 −hSH5 )
(3.7)

8. From the mass flow rate of refrigerant it is possible to calculate the compressor inlet volume (V̇SHcompI N
=

ṁSH /ρSH1 ). From the inlet volume flow rate, the displacement volume flow rate (m3/s) together with the com-
pressor displacement volume (m3) are calculated respectively as follows

V̇SHcompdi sp
=

V̇SHcompI N

ηSHcompvol

(3.8)

VSHcompdi sp
= ṁSH

(ηSHcompvol
∗ρSH1 ∗nSHcomp )

(3.9)

9. Once the refrigerant mass flow rate is known, enthalpy of state 4 can be calculated as follows:

hSH4 = hSH2 −Q̇SHpeak /ṁSH (3.10)

And from here all the other state variables of state 4 can be calculated using Refprop;

10. Then state 7 is calculated by imposing hSH7 = hSH6 and then using Refprop to find the all other state variables;



3.1. Heat Pump 27

11. Once all the states are known, the work load of the electrical motor (WSHmotor =WSHcomp /ηSHmotor ) is calculated.

Using this results together with the sink heat load (Q̇SHsi nk = Q̇SHd sh+Q̇SHcond +Q̇SHcondevap ), the COP is calculated
as shown by the following equation

COPSH = Q̇SHsi nk

WSHmotor

(3.11)

12. The last step is to calculate the heat exchanger’s area. For each HX the same procedure is followed. First the
logarithmic mean temperature difference is calculated and then the area is defined using the following equation

A = Q̇

DTl m ∗U
(3.12)

where each heat exchanger had different values of Q̇, U and DTlm ;

The same procedure is followed to design the booster DHW heat pump. The only thing that needs to be specified
regarding the design of the booster DHW heat pump is that the inlet and outlet source temperatures are given by the
results of the design of the SH heat pump. In particular, TD HWsour ceI N

= TSH4 and TD HWsour ceOU T
= TSH5 . Additionally,

it is important to state that the water temperature in the DHW storage tank (the sink side) is considered to be homo-
geneous and constant as specified above in the assumptions.

From the design calculations, the obtained heat exchanger areas are the following:

• Asi nkSH = 0.906 m2

• Ai hxSH = 0.357 m2

• Asour ceSH = 1.136 m2

• Asi nkD HW = 0.421 m2

• Ai hxD HW = 0.044 m2

• Asour ceD HW = 0.202 m2

Where Asi nkSH is given by the sum of ASHcond and ASHd sh .

In Figure 3.2a and Figure 3.2b the results of the design calculations are reported. These figures show respectively
the obtained p-h diagram and T-s diagram for both heat pumps.



28 3. Components - Design, Model and Validation

(a) p-h diagram

(b) T-s diagram

Figure 3.2: p-h and T-s diagrams for design conditions using refrigerant R1234ze
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Apart from the areas of the heat exchangers and the p-h and T-s diagrams, other design conditions that are ob-
tained from the design calculations are reported in Table 3.2:

Table 3.2: Results of design calculations

Description Parameter Value Unit

Refrigerant mass
flow rate SH

ṁSH 0.0218 kg /s

Refrigerant mass
flow rate DHW

ṁD HW 0.0031 kg /s

Source mass
flow rate SH

ṁsour ceSH 0.2732 kg /s

Sink mass flow
rate SH

ṁsi nkSH 0.1914 kg /s

Pressure ratio SH pr ati oSH 3.5

Pressure ratio
DHW

pr ati oD HW 1.9

Coefficient of
performance SH

COPSH 4.27

Coefficient of
performance

DHW
COPD HW 6.42

Compressor
displacement

volume SH
Vdi spSH 42.03 cm3

Compressor
displacement
volume DHW

Vdi spD HW 1.82 cm3

3.1.2. HP model
Once the design conditions are defined and the required surface area of the heat exchangers is fixed, the HP model for
both SH and DHW heat pump can be developed.

Assumptions
Some assumptions have been made while developing the model. These assumptions are reported here below:

• The heat delivered by the heat pump (Q̇SH ) is assumed to be proportional to the ambient temperature and the
following relationship has been used in the model:

Q̇SH = Tr oom −Tamb

DTmax
∗Q̇SHpeak (3.13)

As we can see form Equation 3.13, the heat delivered by the main heat pump is equal to QSHpeak when the
temperature difference between the room temperature and ambient temperature is equal to DTmax which is
equal to the maximum temperature difference when the outside temperature is -10 °C. The heat delivered by the
main heat pump to the house is equal to zero when the temperature difference between the room temperature
and ambient temperature is equal to zero.

• The values of the overall heat transfer coefficients have been assumed to be constant over time to simplify the
physics behind the model. This has been done since the influence of this change has been considered to be
small enough and negligible;

• The rotational speed of the DHW heat pump has been assumed to be fixed at a constant speed or to be zero if
no DHW heating is needed;
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Model implementation
Two separate models have been developed for the two heat pumps, namely SH heat pump and DHW heat pump. The
heat pumps have been modelled using Matlab. In Figure 3.3 and Figure 3.4 the algorithm followed by the two models,
respectively, is reported in a flow diagram.

In both cases, the model starts with initial assumptions based on the design conditions initially and on the pre-
vious time step later on. These assumed values are used to calculate all the thermodynamic states of the HP cycle.
However, since the calculations are based on assumed values, it is required to iterate the different initial assumptions.
This is done by matching the calculated HX areas with the areas defined in the design conditions. For each iteration,
assumed values are adjusted until the areas match and then the programme goes forward with the next HX area until
all the areas match the design values.

This is the basic principle used to model the heat pumps.
As we can see from the diagrams in Figure 3.3 and 3.4, there is a difference between the algorithm developed for the
SH heat pump and the one used for the DHW heat pump. This is due to the fact that the DHW heat pump has as
heat source part of the condenser of the SH heat pump. This implies that some of the outlets of the SH heat pump
are used as inputs to the DHW heat pump. Therefore, once we enter the DHW heat pump model, the heat delivered
by the SH heat pump to the DHW heat pump through the DHW evaporator is already calculated in the SH heat pump
model. For this reason, the last iteration that we can see in the DHW heat pump flow chart is required to adjust the
DHW refrigerant mass flow rate so that the heat delivered by the SH heat pump and the heat absorbed by the DHW
heat pump through the evaporator are matched. This is the last iteration and it happens only once all other iterations
have been performed. Once all requirements are matched, the heat exchanged through the DHW evaporator are
compared and if they don’t match the DHW refrigerant mass flow rate is adjusted so that heat flow rates match. Then
the compressor rotational speed is adjusted accordingly and sent back at the beginning of the flow chart to re-do the
calculations once again but with the correct compressor rotational speed.

SH heat pump Starting with the SH heat pump model, the inputs to the model are the following:

• TB HEout , which is equal to Tsour cei nSH
;

• Tamb and Tr oom which are needed to determine the heat load (Q̇SH );

• m f lowB HE coming from the borehole;

• D HWon/o f f conditions

The useful outputs of the SH heat pump model are the following:

• COPSH , the coefficient of performance of the heat pump;

• Qcondevap , the heat exchanged between SH heat pump and the DHW heat pump through the condenser/evaporator;

• QSH , the provided to the house;

• TB HEi n , the temperature going back into the BHE which corresponds to the stream coming out from the SH
evaporator;

In the specific case when either the DHW or the SH load is zero, the model of the SH heat pump is changed as
reported in Table 3.3:

Table 3.3: Specific cases model variations

Conditions Changes

Tr oom < Tr oomset ,
Q̇D HW = 0

state 4 is at saturation x=0,
iterate on ncompSH to

match
QSH =QcondSH +Qd shSH

Tr oom > Tr oomset ,
Q̇D HW > 0 ncompSH = 400

Tr oom > Tr oomset ,
Q̇D HW = 0

ncompSH = 0, TSH = Tamb

and COPSH = N aN
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Figure 3.3: SH Flow Chart
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Figure 3.4: DHW Flow Chart
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DHW heat pump When considering the DHW heat pump model, things are slightly different compared to the SH
heat pump model. It is important to state that the DHW heat pump model doesn’t have a load requirement. The cal-
culations are done based on matching the heat delivered from the heat source and in turn this allows us to calculate
the heat delivered to the DHW storage tank.

The inputs to the DHW heat pump model are the following:

• Qcondevap , the heat exchanged between SH heat pump and the DHW heat pump through the condenser/evaporator;

• Tw atert ank , the average temperature of the water in the storage tank for DHW;

• TSHcondevapi n
, the temperature of the SH stream entering the condenser/evaporator which corresponds to the

DHW source inlet temperature;

• D HWon/o f f conditions

The outputs of the model are the following:

• COPD HW , the coefficient of performance of the heat pump;

• QD HW , the heat delivered to the DHW storage tank;

• TcondD HW , the condensation temperature of the heat pump;

Model Validation

The model has been validated using the performance data of the W/W heat pump 5G - 4.5 kW individual source from
Ithodaalderop [71].

The performance data are reported in Table 3.4:

Table 3.4: Performance data W/W heat pump 5G-4.5 kW individual source from Ithodaalderop

Type of refrigerant R134a

Nom. flow rate source 0.33 l/s

Nom. flow rate sink 0.35 l/s

COP at 10/35 °C
(W10/W35) according to

EN 14511
5.9

The model shows similar results, the only thing worth noticing is that to obtain such high COP at 10/35 °C an
isentropic efficiency of about 85% is required. Therefore, the model is considered validated with the consideration
that the data reported in Table 3.4 are obtained assuming a very high isentropic efficiency for the compressor. The
obtained T-s and p-h diagrams for the validation conditions are reported in Figure 3.5b and Figure 3.5a
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(a) p-h diagram

(b) T-s diagram

Figure 3.5: p-h and T-s diagrams for validation using refrigerant R134a
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3.2. Borehole Heat Exchanger
3.2.1. BHE design
The design conditions of the BHE and the properties of the material used are reported in Table 3.5.

Table 3.5: Values of thermal properties and parameters used in the BHE model

Description Symbol Value Unit

Borehole depth H 180 m

Shank spacing s 0.038 m

Borehole radius rb 0.3 m

U-tube pipe
outer radius rpo 0.016 m

U-tube pipe
inner radius rpi 0.008 m

U-tube (HDPE
pipe) thermal
conductivity

kp 0.39 W /(mK )

Grout
(WC05-SC05)

thermal
conductivity

kg 1.5 W /(mK )

Ground (soil)
thermal

conductivity
ks 0.81 W /(mK )

Working fluid
mass flow rate

ṁ f 0.2732 kg /s

Grout
(WC05-SC05)
specific heat

capacity

cpg 1500 J/(kg K )

Ground (soil)
specific heat

capacity
cps 2016 J/(kg K )

Grout
(WC05-SC05)

density
ρg 1984 kg /m3

Ground (soil)
density

ρs 2500 kg /m3

Undisturbed
ground

temperature
T0 10 °C

Some parameters, such as working fluid properties (i.e. thermal conductivity, specific heat and density), vary with
fluid’s temperature therefore it was not possible to report these in the table above. All parameters reported in Table
3.5 are considered constant over time and not changing with temperature. The working fluid used in the system is a
mixture of water and ethylene-glycol (40% by volume). This is needed to avoid freezing of the working fluid during
winter time since it is the same fluid that runs through the solar collector array. The water ethylene-glycol mixture
freezes at -23.5 °C at ambient pressure, hence there is no risk of freezing of the working fluid during the winter period.
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3.2.2. BHE model
The BHE model has been developed following the equations described in section 2.4.1. An iterative process has been
used to make sure boundary and initial conditions are satisfied. The process is described below and graphically ex-
plained in Figure 3.7. Figure 3.6 is reported from section 2.4.1 to make it easier for the reader to understand the grid
element division of the borehole domain.

1. The first step is to assume the temperature value of the first grid element in the v-tube.

2. Then it is possible to simultaneously solve all the equations for the first grid elements in vertical direction and
for the second grid element of the v-tube.

3. Once all the temperatures for the first grid elements are calculated, the same procedure is repeated for the
second grid element and so on.

4. Once the temperature of the last grid elements is calculated, the boundary condition T f u(N ) = T f v (N + 1) is
checked. If these temperatures don’t match, then the value of T f v (1) is adjusted accordingly and the process is
repeated until this condition is matched.

For each line of grid elements (i=1,2,3,...,N) the following matrix equation is used:

Ax = B (3.14)

where A, x and B are given as follows:

A =



(1−a +b + c) 0 −c 0 0 0 0 0
−b a −c 0 0 0 0 0
−d 0 (1+2d +e) −e 0 0 0 0
0 0 −l (1+ l + g ) −g 0 0 0
0 0 0 − f (1+ f + g ) −g 0 0
0 0 0 0 − f (1+ f + g ) −g 0
0 0 0 0 0 − f (1+ f + g ) −g


(3.15)

x =



T f u(i )
T f v (i +1)

Tg (i )
Ts (i ,1)
Ts (i ,2)
Ts (i ,3)
Ts (i ,4)
Ts (i ,5)


(3.16)

B =



(1+a −b − c)T f uol d
(i )−a(T f u(i −1)+T f uol d

(i −1))+b(T f v (i )+T f vol d
(i ))+ c ∗Tgol d (i )

(−1+a −b − c)T f v (i )+ (1+a −b − c)T f vol d
(i )−a ∗T f vol d

(i +1))+b ∗T f uol d
(i )+ cTgol d (i )

(1−2d −e)Tgol d (i )+d(T f vol d
(i )+T f uol d

(i )+T f v (i ))+e ∗Tsol d (i ,1)
(1− l − g )Tsol d (i ,1)+ l ∗Tgol d (i )+ g ∗Tsol d (i ,2)

(1− f − g )Tsol d (i ,2)+ f ∗Tsol d (i ,1)+ g ∗Tsol d (i ,3)
(1− f − g )Tsol d (i ,3)+ f ∗Tsol d (i ,2)+ g ∗Tsol d (i ,4)
(1− f − g )Tsol d (i ,4)+ f ∗Tsol d (i ,3)+ g ∗Tsol d (i ,5)
(1− f − g )Tsol d (i ,5)+ f ∗Tsol d (i ,4)+ g ∗Tsol d (i ,6)


(3.17)



3.2. Borehole Heat Exchanger 37

Figure 3.6: Schematic diagram of borehole and grid scheme inside the borehole [66]

Figure 3.7: BHE model - Flow Chart
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In Equation 3.14, x is the vector of unknown temperature values at present time step of the different grid elements
at the same height, A is the matrix of constant parameters which multiply the unknown values of vector x, and B is
the matrix of known parameters which is made of temperature values at previous time steps and already calculated
temperatures at the present time step.

For every grid elements line, the temperature values at the present time step are calculated solving Equation 3.14
for x, as showed in the following equation:

x = A−1B (3.18)

The values of a,b,c,d ,e, f , g and l are reported below

a = ∆t

2

ṁ f

M f
(3.19)

b = ∆t

2

1

M f C p f R f f /∆z
(3.20)

c = ∆t

2

1

M f C p f R f g /∆z
(3.21)

d = ∆t

2

1

Mg C pg R f g /∆z
(3.22)

e = ∆t

2

1

Mg C pg (Rg b +Rs,1)/∆z
(3.23)

f = ∆t

2

1

Ms,kC ps Rs,k /∆z
(3.24)

g = ∆t

2

1

Ms,kC ps Rs,k+1/∆z
(3.25)

l = ∆t

2

1

Ms,1C ps (Rg b +Rs,1)/∆z
(3.26)

Model Validation
The model has been validated comparing the obtained results with the results from [66] as shown in Figure 3.8

Figure 3.8: BHE model - Results and model validation
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As we can see from the plot, the downward fluid pipe temperatures match the values from the paper. However, the
upward fluid pipe temperatures are slightly different from the paper results. This mismatch is believed to be caused
by an oversimplification of the model. In this work, for sake of simplicity, the mass of grout in between the two legs
of the tube has been considered interacting with the pipes the same way the rest of the grout region is. Of course, the
thermal resistance of the grout region in between the two tubes is different and this is believed to be the reason for
the slight mismatch. In particular, with this simplification, all the heat flows from the hot branch directly to the colder
branch since the heat accumulated in the grout between the two branches has been neglected. Still, the model gives
sufficiently accurate results to be used in the system.

3.3. Evacuated Tube Collectors
3.3.1. ETC design
The ETC system is used throughout the year and all the heat obtained form the solar collectors is redirected into
the ground to raise the average ground temperature and therefore increasing the efficiency of the HP system. The
selected ETC that will be used in this work is the ETC-10 solar collector from Apricus. The basic specifications of this
solar collector as provided by the manufacturer are reported in Table 3.6.

Table 3.6: Specifications of ETC-10 solar collector from Apricus

Dimensions (LxWxH) 2005x796x136 mm
Peak output 671 W

Aperture area 0.947 m2

Gross Area 1.59 m2

Gross Dry Weight 35 kg
Fluid capacity 310 ml

Flow rate 0.7 L/mi n
Max operating pressure 800 kPa

3.3.2. ETC model
The overall heat input from the solar collectors array is calculated as follows:

Q̇ETC = ηAaper tur eG (3.27)

where η= η0 −
a1(Tamb−Tcol lav g )+a2(Tamb−Tcol lav g )2

G .

Here Tcol lav g = (Tcol lI N +Tcol lOU T )/2 is the average collector temperature, η0 is the maximum efficiency, G is the global

irradiance intensity (W /m2), a1 and a2 are two experimental parameters. a1 (W /(m2K )) is the heat transfer coef-
ficient and is used to describe the thermal losses (the higher a1, the more the thermal losses). a2 (W /m2K 2) is the
temperature dependent heat transfer coefficient.
In our specific case, the chosen evacuated tube solar collector ETC-10 from Apricus has the following characteristics:

• η0 = 0.710

• Aaper tur e = 0.947m2

• a1 = 1.737W /(m2K )

• a2 = 0.008W /(m2K 2)

In the model, to calculate the efficiency of the solar collector, the collector average temperature Tcol lav g is estimated
using the collector stream outlet temperature of the previous time step. Once the efficiency is known, the heat flow is
calculated and eventually the actual collector outlet temperature can be calculated as well using the following equa-
tion:

Tcol lOU T = Tcol lI N + Q̇ETC

cpw ater ṁETC
(3.28)
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3.4. DHW storage tank
3.4.1. DHW storage tank design
A DHW storage tank is used as buffer for hot water production in order to ensure constant availability of DHW. In
this specific system, DHW is produced only by means of the ground-source heat pump, while the summer the heat
coming from the evacuated tube solar collectors is always used to heat up the ground to increase teh HP efficiency.
The storage tank is having an indirect heat exchangers for the heat pump loop. When there is need for it, hot water is
taken from the top of the tank and new cold water enters the tank from the bottom. A schematic of the storage tank is
given in Figure 3.9 where all the different heat contribution and losses are shown.

Figure 3.9: DHW storage tank - schematic

To calculate the tank volume, an average showering time of 8 minutes has been considered, with a water mass
flow rate of 0.083 l/s (Tw ater = 40 °C ). Only part of this mass flow rate is hot water at 65 °C . Therefore, the required
water mass flow rate from the DHW tank can be assumed to be about 0.05 l /s. Multiplying this flow rate by the
average showering time, we get an average hot water consumption of 20 l per shower. Considering an average of 1.5
showers a day and adding to this the hot water consumption used for other means, we can safely assume a daily water
consumption per person of about 40 l . With a number of occupants assumed to be equal to three, a daily hot water
consumption of 120 litres is estimated. The dimensions of the tank have been chosen accordingly, selecting the tank
radius equal to rt ank = 0.2 m and the height equal to ht ank = 1 m.

3.4.2. DHW storage tank model
In order to calculate the water temperature in the tank, an energy balance is carried out on the hot water storage tank.
In this calculation, the water temperature in the tank is assumed to be homogeneous everywhere hence neglecting
the stratification effect. The following contributions are considered in the energy balance of the water tank:

• Heat input from heat pump

Q̇HP =Ucond ∗ A∗DTlm (3.29)

where DTlm = (Tcondensati on −Tw ater ).
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• Heat exchanged with outside ambient air

Q̇ambi ent =U (At ankl ater al
+ At ankbase

)DTl m (3.30)

where DTlm = (Tw ater −Tamb) and Ut ank is assumed to be equal to 0.25 W /m2K .

• Heat exchanged with the flow of water entering and exiting the tank

Q̇ f low = Q̇ f lowOU T −Q̇ f lowI N = ṁD HW ∗ cpw ater (Tw aterOU T −Tw aterI N ) (3.31)

where ṁD HW is the water flowing out and in of the tank. Here we assumed that the volume of water enter-
ing the tank equals the volume of water getting out of it. Tw aterI N = 10 °C and Tw aterOU T = Tw ater .

Eventually, the energy balance equation on water storage tank can be written as follows:

ρ∗ cpw ater Vt ank
dTw ater

d t
= Q̇HP −Q̇ambi ent −Q̇ f low (3.32)

In order to determine Tw ater , this first order differential equation is solved directly on Simulink.
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3.4.3. DHW consumption hourly profile
The hourly profile of DHW consumption in a house has been assumed to be the one reported in Figure 3.10a and
3.10b:

(a) DHW consumption per person per hour (b) Total DHW consumption per hour

Figure 3.10: DHW consumption profile [72]

Figure 3.10a reports the DHW consumption per person per hour for a general house. In our specific case, the house
in consideration is a 3 people terraced house. The graph in Figure 3.10b reports the overall hourly consumption for the
house in consideration. This graph has been obtained multiplying the DHW consumption per person per hour by the
number of people in the house. It is important to underline that the DHW consumption profile is assumed to be the
same throughout the year for the sake of simplifying the model. In reality, there is a difference in DHW consumption
profile between weekdays and weekends and between different seasons. The DHW consumption profile used in this
work is an average of the consumption profiles in the month of November as proposed by [72]. These profiles refer
to the hot water consumption at 40 °C. Since in the DHW tank the temperature is set to 65 °C, the required mass flow
rate of DHW reported in Figure 3.10b will be obtained by mixing the hot water in the tank with cold water at 10 °C.
Therefore, the required flow rate for the DHW storage tank will be determined depending on the water temperature
inside the storage tank and on the DHW mass flow rate requirements.

The following equations are implemented in Simulink to calculate the required mass flow rate from the DHW
storage tank. These are the conservation of energy and the conservation of mass, respectively:

(ṁ1cp1 +ṁ2cp2 )T3 = (ṁ1cp1 T1 +ṁ2cp2 T2) (3.33)

ṁ3 = ṁ1 +ṁ2 (3.34)

Where, the subscript 1, 2 and 3 are assigned accordingly to what is reported in Figure 3.11.

Figure 3.11: Mixing of hot and cold water - schematic
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Equations 3.33 and 3.34 are solved for ṁ1 and ṁ2 depending on the variables ṁ3 and T1 (temperature in the stor-
age tank). cp1 is a function of T1 and all the other variables are constant [T2 = 10 °C , T3 = 40 °C and cp2 = 4195.5
J/(kg ∗K )].

3.5. House model
The house has been modelled using a simplified heat balance equation to determine the room temperature at each
time step. The contributions considered in the model are reported below while all other contributions have been
considered to be negligible for the sake of simplicity.

• Heat load due to temperature difference between room temperature and ambient temperature

Q̇load =Ubui ldi ng Abui ldi ng ∗ (Tr oom −Tamb) (3.35)

• The heat exchanged with the building thermal mass

Q̇ther malmass =Uw all Aw all ∗ (Tr oom −Tw all ) (3.36)

• The heat provided by the space heating heat pump which is an output of the SH heat pump model described
above

Q̇HPSH (3.37)

The overall heat balance equation on the house is the following:

Mai r ∗ cpai r

dT

d t
+Q̇load +Q̇ther malmass = Q̇HPSH (3.38)

The heat balance is used to calculate the new room temperature starting from the previous time step room tem-
perature. In Equation 3.38 all heat contributions are calculated using the old room temperature. Once calculated, the
thermal mass load is used to calculate the new wall temperature using the following equation:

Q̇ther malmass = Mw all cpw all

Tw allnew −Tw allol d

d t
(3.39)

The model initial conditions, Tr oom(0) and Tw all (0), have been assumed to be equal to 15 and 19 °C , respectively.
This model has been implemented using Matlab and then combined with the other models in the Simulink envi-

ronment.
To be noticed that the overall heat transfer coefficient of the wall has been assumed constant and an average value

has been used for the sake of simplicity. On the other side, the building overall heat transfer coefficient has been
calculated assuming a heat load equal to 3700W when the outside temperature is −10 °C and inside temperature is
20 °C . Eventually, the area and mass of both building and wall have been calculated considering a house with length
of 10 m, width of 6 m, wall thickness of 0.1 m and with two floor of 3 m height. The portion occupied by windows and
doors has to be removed from the total area calculation for the thermal mass. Assuming that about 1/5 of the wall area
is made of windows and doors, a wall perimeter of 26 m has been assumed for the thermal mass calculation.

3.6. Other system components
Apart from the previously mentioned main components of the system, the remaining components to be modelled are
pumps and valves.

Pumps The pumps circulating the water in the system have been modelled in Matlab and then combined with the
models of the other components in the Simulink environment. The model calculates the pump power consumption
based on the water volumetric flow rate and the pressure drop as shown by Equation 3.40

Ppump = ṁvol ∗d p

ηpump
(3.40)

Where the volumetric flow rate is expressed in m3/s and the pressure drop in Pa. The pressure drop is calculated
using the Darcy-Weisback equation shown below:

d p = 1

2
ε∗ρw ater ∗ v2 ∗ ltubi ng /dtube (3.41)

where ε is the pipe roughness, v is the average flow velocity, ltubi ng is the length of the tubing and dt ube is the
inner diameter of the tube. These values change for the different pumps in the system.
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Valves The valves are modelled directly in the Simulink environment using multiple switch blocks to include the
different switching conditions of the valves.



4
Overall system - Design and Model

In the following section, the overall system design and layout are described together with the control strategy and the
final implementation and interaction of all the models in the Simulink environment.

In this chapter we try to answer to research question no. 5 provided in section 1.2 by showing how the whole
system has been designed and modelled.

4.1. Design and Layout
Figure 4.1 shows the overall system layout. Here we can see how all the different components are connected to each
other. The main components are the borehole heat exchanger (represented by the U-tube at the bottom of the figure),
the heat pump (composed of the main HP and the booster HP), the evacuated tube collector, the storage tank for
DHW and the house. Additionally in this schematic we see the pumps and the valves used to direct the water flowing
in the system.
Here is a brief explanation of how each system interacts with the others.

Let’s start from the bottom of the schematics.
The BHE is used as a heat source for the main HP. The water flowing out of the BHE goes into the main HP evaporator
exchanging heat with the heat pump refrigerant.
On the sink side of the main HP we see that the heat delivered by the main HP is divided between the floor heating
and the booster HP.
The floor heating water is circulated by the pump P4. Passing through the condenser heat exchanger of the main HP,
the heating water flow absorbs heat which then is delivered to the house by circulating through the floor and then it
comes back to the heat pump sink.
The last part of the condenser of the main HP heat exchanger is the source heat exchanger of the booster HP. The
booster HP needs to heat up the water up to 65°C so using the main HP as the heat source ensures a higher COP of
the booster HP compared to using the BHE water since the source and sink temperatures are closer to each other. The
booster HP refrigerant absorbs then some heat from the main HP, upgrades it, and on the sink side it heats up the
water in the DHW storage tank.
The hot water in the DHW storage tank is then sent to the house through a separate loop where it is mixed with water
at about 10°C to reach the required temperature of 40 °C .
The control valve (CV1), depending on the water temperature level of the fluid coming out of the ETC collector, directs
the flow into the BHE through valve V4 to exchange heat with the soil and restoring part of the heat balance or it can
be directed back into the ETC inlet through V3. If the water stream is sent to the BHE, then once the water comes out
of the main HP source HX it is split through valve V2 so that part of it goes back to the BHE through V4 and part goes
back to the solar collector.
Each separate loop uses a pump (P1, P2, P3 and P4) to ensure the required flow of water in the loop.
The BHE field includes four different U-tube BHEs that are used to increase the performance of the system and to
be able to store all the energy coming from the ETC system. This will of course increase the initial investment of the
system, however, this was a design choice made to maximize system performance.
The ETC system includes six solar collectors. These are placed in three parallel arrays each made up of two collectors
in series. The parallel configuration ensures a high enough flow rate while the addition of more collectors in series
ensure that the outlet temperature is higher. The ETC system configuration has been selected to ensure thermal
balance on the BHE temperature.
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Figure 4.1: Overall system layout
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4.2. Control strategy
In the following system, some components can be switched on and off depending on specific conditions to maximize
the heat utilisation in the system. Also the control valve (CV1) is used to ensure that all of the available heat is used at
its best. In this section we will list the on/off conditions for each component as well as the valves control strategy and
the main HP control mechanism.

DHW storage tan and booster HP The DHW tank water temperature is used to control the booster HP on/off con-
dition.
The DHW tank requires heat from the booster HP only if Tw atert ank < 65 °C . Once this temperature is reached, the
booster HP is switched off.
The system is turned back on only when Tw atert ank becomes colder than 50 °C . Once this temperature is reached, the
booster HP turns on.

ETC The evacuated tube collector can be switched on and off depending on the irradiance level which determines
the heat that the ETC would deliver to the system. Hence, if the irradiance is too low, the ETC system is switched off to
avoid useless pump power consumption. The heat threshold is set to 300 W .

Main HP The main HP can also be switched on and off depending on both the room temperature (i.e heat require-
ments from SH) and the booster HP on/off condition.
Only if at the same time the booster HP is off and the room temperature reaches the set point, then the main HP
switches off. Otherwise it will be running.
The heat delivered to the house is controlled based on the temperature difference between the room temperature and
the ambient air temperature. In particular, with the simplification of neglecting the thermal mass of the floor, the heat
delivered to the house is calculated as follows:

QHP = 4000∗ (Tr oom −Tamb)/DTmax (4.1)

Where DTmax is equal to 30 °C . The compressor speed is proportional to the heat delivered and if the temperature
difference between room temperature and ambient temperature gets closer to zero but the booster HP is still on, then
the compressor will rotate at its lowest speed (400 rpm).

CV1 The control valve CV1 has the role to ensure that the water coming out from the ETC outlet goes to the BHE
only if it has a high enough temperature.
This limit is set to 10 °C to ensure that heat is transferred to the soil. If the water temperature entering the valve is
lower than 10 °C , then it is directed to the ETC inlet.
This also ensures that the temperature entering the ETC is closer to the ambient temperature to limit the losses in the
ETC due to temperature difference with the environment.

4.3. Model implementation
Once all components have been integrated together in the Simulink environment, then inputs, outputs and initial
conditions of the system must be specified. This section is dedicated to explain the details and the behaviour of the
model, including characteristic time step of the simulation and general simplifications and assumptions.

Initial conditions (I.C.) Some parameters in the model need to be initialized to allow the model to start simula-
tion from some initial conditions. Here below are listed the various initial conditions of the model which have been
assumed as follows:

• Borehole model I.C. (based on undisturbed ground temperature)

Tb(0) = 10 °C ; Tg (0) = 10 °C ; Ts (0) = 10 °C ; T f u(0) = 10 °C ; T f v (0) = 10 °C

• House model I.C.

Tr oom(0) = 15 °C ; Tw all (0) = 19 °C

• ETC model I.C.

TETCout (0) = 15 °C
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General simplifications and assumptions The following simplifying assumptions have been considered in the model:

• The main heat pump works only in heating mode.
This assumption is based on the fact that during the summer period, in the Netherlands, ambient temperature
does not reach too high values and thus cooling of the house is usually not required (see Figure 4.4). Therefore,
this load has been considered to be negligible allowing the main heat pump to work only in heating mode.

• The DHW consumption has been considered constant throughout the year.
This assumption, already mentioned in the section above about the DHW storage tank model, is a simplifying
assumption since there is a variation in the consumption of DHW throughout the year. However, using an
average consumption can give sufficiently accurate results for the goal of this work.

Input values The inputs required in the model are the following:

• Ambient temperature [řC ]

• Irradiance [W /m2]

• DHW consumption [kg /h]

Both ambient temperature and global irradiance values have been taken from The Dutch PV portal 2.0 climatolog-
ical year for Rotterdam and are based on measurements made available by the Koninklijk Nederlands Meteorologisch
Instituut (KNMI).

Two different input values for ambient temperature and irradiance have been used for two different simulations.
Both values of temperature and irradiance are hourly average values over a period of 29 years (1991-2020) in one
simulation and hourly average values for the year 2010 in the other. This has been done in order to have two different
perspectives and to understand how the system performs in two different conditions. The average values between
1991 and 2020 have been taken as a reference values while the values from 2010 have been used since this year was a
particularly cold one.

In both cases, data points are available for each hour timeslot in the year. In order to reduce the simulation time
step to six minutes (0.1 hour), the hourly data points have been interpolated every six minutes for both temperature
and irradiance values. In Figure 4.2 and Figure 4.3 are reported, respectively, the ambient temperature and global
irradiance values throughout the year for the average between 1991 and 2020 while in Figure 4.4 and Figure 4.5 are
reported, respectively, the ambient temperature and global irradiance values throughout the year 2010. Global irradi-
ance is used as input to the ETC system since ETC can absorb both direct and diffuse radiation [73].

The DHW consumption input values are the ones shown above in the section dedicated to the DHW storage tank
model (see Figure 3.10b) and these same values have been used for both simulations.

Figure 4.2: Average hourly ambient temperature values throughout the year [Average 1991-2020]
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Figure 4.3: Average hourly irradiance values throughout the year [Average 1991-2020]

Figure 4.4: Average hourly ambient temperature values throughout the year 2010

Figure 4.5: Average hourly irradiance values throughout the year 2010
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Simulation time step The simulation time step has been set to six minutes (0.1 hour). The input parameters Tambi ent

and I r r adi ance are obtained interpolating between each hour to calculate the values every six minutes.
Of course, it is important to underline that this might be a large time step for some of the processes in the system and
the accuracy of the results might then be lower. However, it has been decided to stick to this simulation time step
to reduce the amount of calculations and keep this simplification in mind when looking at the results and making
conclusions.



5
Results and Discussion

In this section, we are gonna present the results obtained from the SAGSHP model, discuss the main advantages and
disadvantages of this system compared to a traditional gas boiler system and present the possible improvements and
studies that can be done in this field. Here we will try to answer to research questions 6, 7 and 8 presented in section
1.2 by showing how the system performs and how competitive this is compared to a traditional gas boiler in terms of
cost and CO2 emissions.

Here below, two different result sets are presented for different input parameters.
The first set of results is obtained from a simulation where the inputs (irradiance and ambient temperature) are aver-
aged hourly values over a period of 29 years (1991-2020).
The second set of results focus on a particularly cold year such as 2010.

These two different input datasets have been used in order to compare the system performance when very cold
temperatures are registered (2010) as well as based on the average values registered in the last decades. This compari-
son allows to state whether the system can perform in extreme conditions (2010) as well as assessing the performance
of the system based on average values. Therefore, the average values will be used to understand the performance of
the system. Last but not least, it give us a basis for comparing two different situations and state in which situation the
system performs better in terms of SCOP as well as from an economic point of view.

It is important to keep in mind that in all of the plots shown below the time axis unit of measurement is 0.1h. It
goes from 0 to 87840 since in a leap year there are 8784 hours.
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5.1. Results for averaged values between 1991 and 2020
HP and house results Let’s start by looking at the house model to see the performance of the main heat pump. In
Figure 5.1 the heat loads of the house model are reported while Figure 5.2 shows the room temperature variation
throughout the year.

Figure 5.1: Heat loads of the house environment

Figure 5.2: Room temperature of the house throughout the year
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In Figure 5.1, the blue plot represents the heat exchanged with the environment (i.e Ql oad ), the black line shows
the thermal mass heat load of the house and the red one shows the heat delivered by the heat pump through floor
heating. The heat exchanged with the outside environment and the thermal mass heat load are positive when the
heat is lost from the room to the ambient environment or to the wall. The heat from the heat pump is positive when
heat is given to the house system. In Figure 5.1, we can see how the heat lost to the environment decreases when
approaching the summer months and then it goes back up again in the autumn/winter months. We can also see how
the heat delivered by the heat pump follows a similar trend. In Figure 5.2 we can see how the temperature of the room
air in the house is kept fairly constant around 19.4 °C.

The heat delivered to the house by the heat pump is not all the heat delivered by the main heat pump. By means
of a booster heat pump, it also delivers heat to the DHW storage tank. In Figure 5.3 we can see both the heat delivered
by the booster heat pump to the DHW tank and the heat loss by the DHW tank to the outside ambient air. The heat
loss due to flow of hot water to the house is negative when heat is loss from the tank while the heat delivered by the
heat pump system is positive when given to the DHW tank system.
The loads shown in Figure 5.3 can be related to the temperature values of the water in the storage tank reported in
Figure 5.4. In both figures, the values are shown for a smaller time period (a bit more than a month) between February
and March to show in detail how the DHW loads and the temperature vary accordingly. This same pattern repeats
almost identically throughout the year since the same water consumption mass flow rate has been assumed all year
long. In Figure 5.3, the heat loss to the environment is not shown since it is negligible compared to the other loads on
the DHW tank.

Here it can be clearly seen how the heat pump goes on and off following the water tank temperature. The off
threshold temperature is 65 °C and the on threshold temperature is 50 °C. The DHW off period is about 10 hours
during the night when the DHW consumption mass flow rate goes to zero. We can clearly see how in the periodical
oscillation of the water tank temperature there is a moment when it rises to 61.5 °C and then it drops again to 59 °C
before rising back to 65 °C. This happens when the heat loss due to the flow of water for domestic use is higher than
the heat delivered by the booster HP. This occurs once a day, when the DHW consumption reaches the maximum.
Here the booster HP is still running but it cannot deliver enough heat to avoid the decrease in temperature. The water
tank temperature rises again once the DHW consumption decreases.

Figure 5.3: DHW tank - Heat loads over a period of one month (March)
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Figure 5.4: DHW tank - Water temperature over a period of one month (March)

Figure 5.5: Main HP - Compressor rotational speed

Looking more in detail at the heat pump, the rotational speed of the main heat pump compressor is shown in
Figure 5.5. Here we can see how the rotational speed of the compressor follows a very similar trend as the one of the
heat delivered to the house. It decreases approaching the summer periods and then it gets to the minimum rotational
speed in the summer. In Figure 5.5, it can be seen how the compressor speed goes to zero during the summer period.
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This happens when both the heat delivered to the house is zero and the DHW tank system switches off. The rest of
the summer time the compressor is mostly running at about 500 rpm because one of the two systems (SH or DHW),
or both, are on but the total heat requirement is still low. Some peaks occur during the night, when the ambient
temperature drops and the heat delivered to the house increases significantly compared to daytime.

(a) Main HP - Condensation (blue) and evaporation (red) temperature in February

(b) Main HP - Condensation (blue) and evaporation (red) temperature in June

Figure 5.6: Main HP - Condensation and evaporation temperature in the months of February and July
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In Figures 5.6 are reported the condensation and evaporation temperatures of the main heat pump. Here, two
significant months are reported to give an idea of the condensation and evaporation temperatures of the heat pump
in a cold and in a hot month. From these graphs we can notice how the condensation temperature decreases in the
month of June compared to February. This can be related to the reduced heat load of the house which required a lower
condensation temperature of the heat pump. Looking at the evaporation temperature, we can notice an opposite
behaviour compared to the condensation temperature. The evaporation temperature in June is higher compared to
February due to the increase in heat source temperature resulting from more utilisation of the ETC system.

The increase in the evaporation temperature during the summer period is clearly related to the source temperature
at the inlet of the heat pump evaporator, shown in Figure 5.7.

Figure 5.7: Main HP - Heat source temperature at the inlet of the evaporator

Another interesting result regarding the HP system is the SCOP of the HP system. This value is obtained by dividing
the overall heat delivered by the heat pump system by the overall energy consumption of the compressor of the HP
system as shown in Equation 5.1.

SCOPHP = QHPtot

WHPtot

(5.1)

where
QHPtot =Qsi nkHP +Qsi nkbooster

(5.2)

and

WHPtot =WcompHP +Wcompbooster (5.3)

For the specific configuration and model inputs used in the model, the final value obtained for the SCOP of the HP
system over a year is reported in Table 5.1

Table 5.1: HP system - Seasonal coefficient of performance

SCOPHP 6.2

BHE results The BHE system behaviour can be analysed looking at the heat extraction or injection rate in the bore-
hole, the borehole temperature, and the inlet and outlet temperature of the borehole working fluid.

Starting with the heat injected and extracted from the borehole during the year, in Figure 5.8 it can be seen how
the heat extraction/injection rate changes throughout the year. In this figure, a positive value indicates that heat is
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injected in the ground while a negative value means that heat is extracted from the ground. Keeping this in mind, we
can see how the first 1000 hours (approximately until the 10th of February) the heat values in the graph are always neg-
ative, hence heat is extracted from the ground. Then the heat injection rate starts to increase until it approaches the
peak around 4000 hours (15th of June). After 5000 hours (24th of July) the heat injected reduces until the last months
of the year, when heat extraction becomes once again more significant compared to heat injection. This trend is fol-
lowing the operation of the ETC system and it is due to a higher heat extraction from irradiation in the summer which
is then injected in the ground. It can be noticed that in the summer months, there is still heat extraction from the
ground. This happens during the night, when no heat is obtained from the solar collectors and at the same time there
is some heating requirement for the house.

This variation during the year of heat injected and extracted from the ground has significant effects on the borehole
temperature variation throughout the year. In Figure 5.9 is shown the borehole temperature variation during the year
where we can see how the borehole temperature reduces at the beginning of the year up to 2000 hours (24th of March).
This can be explained by looking at Figure 5.8, where, in the first months of the year, we can see a larger heat extraction
from the borehole compared to the heat injected. The higher heat extraction in the first months of the year causes the
initial temperature drop that can be seen in Figure 5.9. However, once the heat injection begins to rise in the spring
and summer period, also the temperature of the borehole increases significantly, reaching the peak around 6500 hours
(28th of September). After this moment, the heat injected from the ETC system reduces since the amount of irradiation
decreases while the heat extraction increases because of the increase in heat requirement from the house. This causes
the borehole temperature to decrease in the last months of the year.

Figure 5.8: BHE system - Heat extraction/injection
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Figure 5.9: BHE system - Temperature at the edge of the borehole

Figure 5.10: BHE system - Inlet (blue) and outlet (red) temperature of the working fluid
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Another interesting observation that can be made from Figure 5.9 is that at the end of the year, the borehole tem-
perature is actually lower than when it started at the beginning of the year. This implies that, if this configuration is
used, every year the borehole temperature will slightly decrease. This shows that the heat injected from the ETC sys-
tem should actually be increased to ensure thermal balance of the ground. This can be done by increasing the amount
of solar collectors used. However, it must be specified that these results are obtained for input ambient temperature
and irradiance values averaged between 1991 and 2020. Therefore, it is important to keep in mind that due to climate
change average temperatures will be increasing in the coming year. Therefore, this slight unbalance in the ground
temperature is not considered to be an issue, since it is assumed that on average ambient temperature values will be
higher than what has been used to run the simulation and this should therefore slightly reduce the heat extracted from
the ground making thermal balance of borehole temperature more likely to happen without increasing the number of
ETC.

Last but not least, it is interesting to see the variation of inlet and outlet temperature of the working fluid in the
BHE system throughout the year reported in Figure 5.10.

In this graph, the blue plot shows the temperature of the working fluid entering the BHE and the red line shows the
temperature of the working fluid coming out of the BHE. Also here we can clearly see the effects of the ETC system.
As summer approaches, the temperature of the working fluid entering the BHE increases. This happens because
the temperature coming from the ETC system is higher in the summer and when it gets mixed with the temperature
coming out from the condenser of the main heat pump, it significantly increases its temperature. However, with
increasing temperature of the working fluid as we approach the summer, we can also notice a higher oscillation in
the temperature value. This can be related to the temperature variation between day and night which increases in the
summer period because the temperature during the day is increasing a lot thanks to the mixing with the ETC working
fluid while at night the ETC system is off, hence resulting in a BHE inlet temperature much lower than that of the day.
The temperature of the working fluid coming out from the BHE and entering the HP evaporator follows the same trend
as the inlet temperature. However, the oscillation of the outlet temperature between day and night is less compared
to the inlet temperature since part of the heat contained in the working fluid of the ETC system is injected into the
ground thus resulting in much lower temperature difference between day and night.

ETC results To have a better understanding of how the ETC system works, we can have a look at the heat obtained
from the ETC system as well as at the inlet and outlet temperatures of the system.
In Figure 5.11 is shown the heat obtained from the ETC system as a function of time.

Figure 5.11: ETC system - Heat absorbed
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Figure 5.12: ETC system - Outlet temperature

Figure 5.13: ETC system - Inlet temperature
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In Figure 5.11 it is clear how the energy obtained from the ETC system is having a trend that follows the irradiance
throughout the year shown in Figure 4.3. This variation in heat obtained from the ETC collector is strictly related to
the parameter changes during the year that were analysed above. This can also be related to the temperature variation
at the outlet of the ETC system, shown in Figure 5.12. On the other side, the ETC system inlet temperature variation
during the year, reported in Figure 5.13 is clearly having the same trend of the temperature entering the borehole.
This is because, unless TETCout is lower than 283.15 K, the temperature entering the ETC system is the same as the
temperature coming out from the evaporator of the HP system.

Additionally, in Figure 5.13 it can be noted that in the time span between 1000 and 3000 hours there are some peaks
occurring. These peaks can be related to the control of the ETC system. Is particular, these peaks can be explained
since the control valve CV1 directs the stream coming out of the ETC system to the BHE system only if TETCout > 10°C .
When this happens, mixing of the two fluids reduces significantly the temperature coming from the outlet of the HP
evaporator and this temperature is the one of the fluid entering the ETC system. On the other hand, if TETCout < 10°C ,
then the ETC outlet stream goes directly back to the inlet of the ETC systems.

Therefore, the peaks occur when the outlet temperature of the ETC system is lower than the threshold of 10 °C and
therefore the working fluid is not mixed with the BHE working fluid resulting in a much higher inlet temperature to
the ETC system.

System results It is interesting to look at the overall system results to understand the competitiveness of the system
when compared to a traditional gas boiler.
Considering the overall system, the main results to be looked at are:

• Seasonal System COP (SSCOP)

• Levelized cost of energy (LCOE)

• CO2 equivalent emissions

The SSCOP is used to determine the overall efficiency of the system. It is calculated as shown in Equation 5.4

SSCOP = Qtot

Ptot
(5.4)

Where Qtot is the overall heating energy provided by the system and is calculated as Qtot = QSHtot +QD HWHPtot
.

Here QSHtot is the total energy delivered to the house through the floor heating and QD HWHPtot
is the total energy de-

livered to the DHW storage tank by the booster HP. These values are calculated by adding together the heat delivered
at each time step.
The same is done for Ptot , which is the total energy consumed by all pumps and by the heat pump compressors and
is calculated as Ptot = Ppump1tot +Ppump2tot +Ppump3tot +Ppump4tot +WSH +WD HW (J ) .

The SSCOP obtained for the model is reported in Table 5.2 together with the total power consumption and the
total heat delivered to the house (SH or DHW)

Table 5.2: Final SSCOP results

Cumulative heat
delivered to the

house [GJ]

Cumulative
energy

consumption
[GJ]

SSCOP [-]

44 11.5 3.8

This might be increased by changing the control strategy and minimizing the energy consumption when not
needed. A way to increase the SSCOP could be to use part of the heat coming from the ETC to heat up the water
tank hence reducing the heat requirement from the booster HP. However, at the same time, this would reduce the
borehole outlet temperature entering the evaporator of the main HP hence reducing the performance of the HP sys-
tem. This is to clarify that, to increase the SSCOP effectively some investigation needs to be carried out in order to
understand what is the overall effect of the sum of the effects of different changes in the system. This is just one of the
possible ways to investigate to improve the SSCOP.
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The levelized cost of energy is calculated using Equation 5.5

LCOE = C RF ∗C APE X +OPE X

Qtot
(5.5)

where C RF = i∗(1+r )N

(1+i )N−1
is the capital recovery factor, CAPEX are the capital expenses (initial investment), OPEX are

the operational expenses, Qtot is the total heat delivered to the house in a year (domestic hot water and space heating),
i is the interest rate and N is the number of years the system is used. The OPEX value is calculated multiplying the
total energy consumption by the cost of energy to obtain the operational cost of the system. Maintenance costs are
neglected.

In Table 5.3 are reported values of the initial investment of each single component of the system and in Table 5.4
are reported the costs and the values used to calculate the LCOE of both the SAGSHP system and a traditional boiler
system

Table 5.3: Initial investments for each technology

Component
Total initial
investment

BHE e18000
HP e10000

ETC e1500
DHW tank e500
Gas Boiler e1500

It is important to specify that, since the life span of an heat pump is around 15 years but all other components
have much longer life span, for the initial investment of HP it was considered the cost fo two heat pumps to be able
to run the system for 30 years. Additionally, the DHW tank cost has been considered in the initial investment for both
cases and the pipes and smaller components cost has been considered negligible for this calculations.

Table 5.4: LCOE values

Technology
CAPEX

[e]

Total energy
consumption

[kWh]

Total heat
provided

[kWh]

Cost of
energy

[e/kWh]

Number of
years (N) [-]

Interest
rate (i)

[%]

LCOE
[e/kWh]

SAGSHP 30000 3194.4 12222.2 0.147 30 6 0.21
Gas Boiler 2000 12222.2 12222.2 0.1 30 6 0.11

For what concerns the CO2 equivalent emissions, it is interesting to understand the advantage of the system in
terms of reducing CO2 emissions. The CO2 equivalent emissions are calculated multiplying the overall power con-
sumption of the system throughout the year by the CO2 emission factor. The emission factors related to the different
energy sources that could be used for this specific case are reported in Table 5.5. In this work, the energy sources
considered are coal, natural gas and renewable energy source. Different energy sources are compared to show that
the competitiveness of the system in terms of CO2 equivalent emission will be largely affected by the choice of energy
source used for electricity production. The resulting CO2 equivalent emissions are reported in Table 5.6

Table 5.5: CO2 emission factors for different means of electricity production [74]

Energy source
CO2 emission
factor (kg/GJ)

Coal 94.0
Natural Gas 63.1

Renewable energy 0.0
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Table 5.6: Comparison of CO2 equivalent emissions for a gas boiler and for a SAGSHP system [74]

Technology
Total energy

consumption
[GJ]

CO2 equivalent
emission
[kg/year]

Gas boiler 44 2776.4

SAGSHP - Coal 11.5 1081

SAGSHP -
Natural gas

11.5 725

SAGSHP -
Renewable

energy
11.5 0

To summarize the results and to answer the research question no. 6, 7 and 8 presented in section 1.2, the following
conclusions can be drawn from the simulation results presented above for the specific case of the averaged values of
ambient temperature and irradiance intensity between 1991 and 2020:

• The ETC system helps to keep the ground temperature in balance and can significantly improve the perfor-
mance of the system by increasing the evaporation temperature of the main heat pump

• The control strategy on how to use the heat coming from the ETC system can be crucial to improve the perfor-
mance of the system

• A system SSCOP of 3.8 has been obtained for this specific case. This is definitely a high value compared to other
kinds of heating systems but is far away from the initial target of 8. A higher value of 6.2 is obtained for the SCOP
of the HP system since the power consumption of the ETC system circulation pump does not affect the SCOP of
the HP system.

• A LCOE of 0.21 e/kW h has been obtained for the SAGSHP system compared to a LCOE of 0.11 e/kW h for the
gas boiler system. This tells us that the investigated system is not competitive with a traditional gas boiler in
terms of costs. The high LCOE value is due to the high initial investment of the SAGSHP system.

• The CO2 equivalent emission calculation showed that the amount of CO2 emissions produced in a year by a
gas boiler is about 2.6 times the amount of emissions produced by a SAGSHP powered by coal and 3.8 times the
emission of a SAGSHP powered by natural gas. If the energy to power the SAGSHP is produced using renewable
energy sources, then no CO2 emissions would be produced and compared to a gas boiler system, this would
avoid the emission of about 2.8 ton CO2/year.
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5.2. Results for year 2010
In this subsection, the same path as the one presented in section 5.1 is followed. Here, we will only briefly present the
results and compare these to the results presented in section 5.1. Most of the explanation of the graphs in section 5.1
applies also to the graphs the one presented in this section.

HP and house results In Figure 5.14 the heat loads of the house model are reported.

Figure 5.14: Heat loads of the house environment

In Figure 5.14, the heat delivered by the heat pump as well as the heat exchanged with the environment follow a
similar trend to what shown in Figure 5.1. Comparing Figure 5.14 with Figure 5.1, we can see how in the case of 2010,
shown in Figure 5.14, in the winter period the peak load is much higher (up to 4000W ) compared to Figure 5.1 where
the peak load is about 2000W . The same happens in the summer period, where in Figure 5.14 the heat exchanged
with the environment reaches values up to −1500W while in Figure 5.1 the heat exchanged with the environment in
the summer does stay above −500W . This is clearly a consequence of the more extreme conditions of the ambient
temperature registered in the year 2010 compared to the averaged value between 1991 and 2020. In 2010 the ambient
temperature values, shown in Figure 4.4, go form −10°C in the winter to almost 35°C in the summer while the aver-
aged values between 1991 and 2020 shown in Figure 4.2 reach a minimum value of 2°C in the winter and a maximum
value of 23°C in the summer.

In Figure 5.15 the room temperature variation throughout the year is reported. The peaks present in Figure 5.15
occur during the summer, when the outside temperature is much higher than the room temperature of the house.
When this happens, the room temperature increases because for our specific case, no cooling mode has been consid-
ered for the heat pump system. From Figure 5.14 we can see how in the summer period, when the heat exchanged
with the environment (Qload ) becomes negative the heat pump heat load is zero. This means that the environment
is heating up the room temperature but there is no cooling performed by the HP system. Therefore, since no cooling
load is removed from the heat pump system, the house room temperature increased. This was a simplification in the
model and it is considered to be reasonable since the room temperature stays within reasonable values. If it would
have increase too much, then including the cooling mode in the model would have been needed.
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Figure 5.15: Room temperature of the house throughout the year

In Figure 5.16 we can see both the heat delivered by the booster heat pump to the DHW tank and the heat lost by
the DHW tank to the outside ambient air.

In Figure 5.17 is reported the tank water temperature variation throughout the year.
Here, the same reasoning and discussion applies as the one used for Figures 5.3 and 5.4 since nothing has changed
between the two models for what concerns the DHW consumption profile.

Figure 5.16: DHW tank - Heat loads over a period of one month (March)



66 5. Results and Discussion

Figure 5.17: DHW tank - Water temperature over a period of one month (March)

Figure 5.18: Main HP - Compressor rotational speed
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(a) Main HP - Condensation (blue) and evaporation (red) temperature in February

(b) Main HP - Condensation (blue) and evaporation (red) temperature in July

Figure 5.19: Main HP - Condensation and evaporation temperature in the months of February and July
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In Figure 5.18, we can see how the rotational speed of the compressor throughout the year. Comparing Figure
5.18 with Figure 5.5 we can notice how the rotational speed in the result of 2010 reported in Figure 5.18 reaches much
higher values compared to Figure 5.5. This is due to the fact that the rotational speed of the compressor is propor-
tional to the heat delivered to the house. Therefore, since in the year 2010 the heat delivered to the house by the main
HP reaches much higher values due to much lower ambient temperature values, the same happens to the rotational
speed of the compressor. Another interesting comparison that can be made between the rotational speed of the two
different cases, is that in the summer period the time during which the compressor switches off is much longer in the
year 2010 compared to the averaged years results. This again can be explained by the lower need of space heating for
the house in the summer in the year 2010 since the ambient temperature values of year 2010 are much higher com-
pared to the averaged values over the period 1991-2020.

In Figures 5.19 are reported the condensation and evaporation temperatures of the main heat pump. As before,
two significant months are reported to give an idea of the condensation and evaporation temperatures of the heat
pump in a cold and in a hot month. We can see in Figure 5.19a that the evaporation temperature of the HP refrigerant
drops below zero. However, since a mixture of water and ethylene glycol is used as the working fluid of the BHE system,
there is no risk of freezing of the BHE working fluid.

A comparison between Figure 5.19 and Figure 5.6 shows how the condensation temperature is higher in the winter
periods of year 2010 compared to the average of the past years because of a higher heat requirement for SH. On the
other side, the evaporation temperature is lower in the winter period of 2010 compared to the winter period of the
average of the past years since the source inlet temperature of year 2010 shown in Figure 5.20 is lower then the source
inlet temperature of the average of the past years shown in Figure 5.7.

Figure 5.20: Main HP - Heat source temperature at the inlet of the evaporator

Regarding the SCOP of the HP system, the obtained final value for the year 2010 is reported in Table 5.7

Table 5.7: HP system - Seasonal coefficient of performance

SCOPHP 5.8

The obtained value for the year 2010 is lower compared to the value of 6.2 obtained for the average of the past
years. This difference can be explained by looking at the difference in condensation and evaporation between the two
cases as well as at the SH heat requirement of the house. A lower value of SCOP of the HP system of the simulation
for the year 2010 is obtained since the temperature difference between evaporation and condensation temperature of
the main heat pump is generally always larger for the year 2010 (Figure 5.19) compared to the temperature difference



5.2. Results for year 2010 69

between evaporation and condensation temperature for the average of the past years (Figure 5.6). This difference
results in a slightly lower SCOP for the year 2010.

BHE results In Figure 5.21 is reported the heat injected and extracted from the borehole during the year.

Figure 5.21: BHE system - Heat extraction/injection

Comparing Figure 5.21 with Figure 5.8 we can see that in Figure 5.21 the heat extraction from the borehole is higher
(more negative) since the heat requirement for SH is higher for year 2010. At the same time, we can also notice that in
Figure 5.21 during the summer months the heat injected in the ground is much higher compared to Figure 5.8. This
can be explained by looking at the irradiance input values for the two cases. Looking at Figures 4.5 and 4.3 we can see
how the irradiance intensity averaged between 1991 and 2020 (Figure 4.3) has a peak irradiance intensity of about 600
W /m2 while the irradiance intensity of the year 2010 (Figure 4.5) reaches a peak intensity of more than 800 W /m2.
And more in general, the irradiance intensity is higher in year 2010 compared to the averaged values between 1991
and 2020. This is the reason of the higher heat injection in the ground in Figure 5.21 compared to Figure 5.8.

In Figure 5.22 is reported the borehole temperature variation during the year. This graph can be easily related to
Figure 5.21.
Comparing Figure 5.22 with Figure 5.9 we can see how the final borehole temperature is lower than the initial tem-
perature in both cases, but in Figure 5.22 the temperature difference between initial and final BHE temperature is
larger compared to Figure 5.9. The lower final borehole temperature value registered for the year 2010 is caused by
larger heat requirements of the house due to lower temperature values in the winter. And even though the larger heat
injected in the ground in 2010 counterbalances this difference a bit, still the larger heat requirements of the house
results in a more unbalanced borehole temperature after one year.
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Figure 5.22: BHE system - Temperature at the edge of the borehole

Figure 5.23: BHE system - Inlet (blue) and outlet (red) temperature of the working fluid
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In Figure 5.23 are reported the inlet and outlet temperature of the working fluid in the BHE system. In this graph,
the blue plot shows the temperature of the working fluid entering the BHE and the red line shows the temperature of
the working fluid coming out of the BHE. Also here we can clearly see the effects of the ETC system on the inlet and
outlet temperatures of the BHE system.

ETC results In Figure 5.24 is shown the heat obtained from the ETC system as a function of time.

Compared to Figure 5.11, Figure 5.24 shows a higher heat absorbed by the ETC system as a consequence of the
higher irradiance intensity registered in the year 2010 compared to the average irradiance intensity between 1991 and
2020. The heat absorbed by the ETC system is clearly related to the temperature variation at the outlet of the ETC
system, shown in Figure 5.25. In Figure 5.26 is reported the ETC inlet temperature.

Figure 5.24: ETC system - Heat absorbed
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Figure 5.25: ETC system - Outlet temperature

Figure 5.26: ETC system - Inlet temperature
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System results Considering the overall system, the main results to be looked at are:

• Seasonal System COP (SSCOP)

• Levelized cost of energy (LCOE)

• CO2 equivalent emissions

The SSCOP of the system obtained for the model is reported in Table 5.8.

Table 5.8: Final SSCOP results

Cumulative heat
delivered to the

house [GJ]

Cumulative
energy

consumption
[GJ]

SSCOP [-]

50.5 13 3.9

In general, comparing this result with the SSCOP obtained for the average between 1991 and 2020 we can state that
the SSCOP doesn’t change much between these two different cases. This could be happening since the positive and
negative effects of each case counterbalance each other. For instance, in the year 2010 the cumulative heat delivered
to the house is higher than in the previous case but also the cumulative power consumption is higher. Therefore, the
increase in cumulative heat delivered to the house is balanced out by the increase in cumulative power consumption
of the system.

In Table 5.9 are reported the costs and the values used to calculate the LCOE of both the SAGSHP system and a
traditional boiler system. The same assumptions mentioned in the previous section apply also for the year 2010 and
the initial investment values for each component are the same in both cases (see Table 5.3).

Table 5.9: LCOE values

Technology
CAPEX

[e]

Total energy
consumption

[kWh]

Total heat
provided

[kWh]

Cost of
energy

[e/kWh]

Number of
years (N) [-]

Interest
rate (i)

[%]

LCOE
[e/kWh]

SAGSHP 30000 3611.1 14027.8 0.147 30 6 0.19
Gas Boiler 2000 14166.7 14027.8 0.1 30 6 0.11

The emission factors related to the different energy sources that could be used for this specific case are reported
in Table 5.5.

The resulting CO2 equivalent emissions are reported in Table 5.10.

Table 5.10: Comparison of CO2 equivalent emissions for a gas boiler and for a SAGSHP system [74]

Technology
Total energy

consumption
[GJ]

CO2 equivalent
emission
[kg/year]

Gas boiler 50 3155

SAGSHP - Coal 13 1222

SAGSHP -
Natural gas

13 820.3

SAGSHP -
Renewable

energy
13 0
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To summarize the results and to answer the research questions no. 6, 7 and 8 presented in section 1.2 for the
specific case of year 2010, the following conclusions can be drawn from the simulation results presented above for the
specific case of the year 2010:

• A system SSCOP of 3.9 has been obtained. A higher value of 5.8 is obtained for the SCOP of the HP system since
the power consumption of the ETC system circulation pump does not affect the SCOP of the HP system.

• A LCOE of 0.19 e/kW h has been obtained for the SAGSHP system compared to a LCOE of 0.11 e/kW h for the
gas boiler system.

• The CO2 equivalent emission calculation showed that the amount of CO2 emissions produced in a year by a gas
boiler is about 2.58 times the amount of emissions produced by a SAGSHP powered by coal and 3.85 times the
emission of a SAGSHP powered by natural gas. If the energy to power the SAGSHP is produced using renewable
energy sources, then no CO2 emissions would be produced and compared to a gas boiler system, this would
avoid the emission of 3.16 ton CO2/year.

Therefore, form the results presented above in sections 5.1 and 5.2 we can state that the analysed SAGSHP system
proves to be competitive in terms of performance (SCOP) and in reducing the amount of CO2 emissions generated.
However, for 30 years of utilisation, the system shows a LCOE value which is rather high and thus making it not eco-
nomically competitive to a gas boiler system.

Additionally, it can be concluded that this system is economically more competitive when used in colder climates.
This is the case since the colder the climate, the higher the total heat provided and the higher the OPEX of the boiler
system which in turns increases the LCOE of the boiler system reducing therefore the gap between the two different
LCOE.
Eventually, in terms of CO2 emission reduction, there is not a big difference between the two cases. In general we can
say that if the SAGSHP system runs completely on renewable energy sources, then the reduction in CO2 emissions
would be larger for systems in colder climates since the amount of CO2 emissions of a gas boiler would be larger due
to a larger heat laod in colder climates.
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Conclusions and future recommendations

In this thesis work, the performance of a SAGSHP system for domestic heating applications in a typical Dutch terraced
house has been investigated. After understanding what is the state of the art of SAGSHP systems and what are the
different components that are used in these systems, a choice has been made on the different main components of
the system for the specific case of Dutch climatic conditions. In particular the following system has been selected for
the specific case fo Dutch terraced houses:

• Vapour compression heat pump using HFO or inorganic refrigerants

• Vertical borehole heat exchanger with a single U-tube pipe configuration using water glycol-ethylene mixture
as working fluid

• Heat pipe evacuated tube solar collectors

Each of this components has been modelled separately. In particular the BHE has been modelled in Matlab using
a numerical unsteady heat transfer model to predict short-term responses from the system and the HP has been
modelled in Matlab using an iterative approach. All the other components have been modelled directly in a Simulink
environment, including the house model and the DHW storage tank model. Eventually, the different sub-models have
been combined together in Simulink to model the whole system. A simulation period of one year has been used for
the model. The input values of ambient temperature and irradiance level have been taken from two different data
sets: the first set of inputs is the hourly average values of ambient temperature and irradiance intensity averaged over
a period of 20 years (1991-2020); the second set of inputs are hourly average values from the year 2010 which has been
an extremely cold year. Here, the results obtained from the input values averaged over a period of twenty years are the
ones that will be used to assess the performance of the system. The results obtained from the inputs of year 2010 are
used to establish if the system can perform in extreme conditions. Eventually, having two different simulation results
gives us a basis for comparing two different situations and state in which situation the system performs better in terms
of SCOP as well as from an economic point of view

The results of the simulation show that the following holds for this specific system:

• The ETC system has significant impact on the performance of the system and the control strategy used to direct
the heat from the ETC system can be crucial in improving the system performance

• The seasonal coefficient of performance is lower than the goal of 8 stated in the research questions. A final value
of 6.2 is obtained during a period of one year for the SCOP of the HP system while a SSCOP of 3.8 is obtained for
the whole system.

• The competitiveness of this system in terms of cost is still low compared to a traditional gas boiler system due
to the high initial investment cost associated with the SAGSHP system. Over a period of 30 years, the LCOE of
the SAGSHP system is 0.21e/kWh compared to the 0.11e/kWh.

• The reduction of CO2 emissions that would occur if a SAGSHP system is used instead of a traditional gas boiler
highly depends on the energy source from which the electricity to run the SAGSHP system is produced. While
when using coal the CO2 emissions are reduced by 61% and with natural gas are reduced by 74%, when using
renewable energy sources to power the SAGSHP system the CO2 emissions will be reduced by 100% avoiding
the emission of 2.8 kton CO2/year.
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76 6. Conclusions and future recommendations

• Comparing the results obtained for the extremely cold conditions of 2010 with the base simulation, we can
notice that:

1. While the SCOP of the HP system is reduced to 5.8 due to the lower evaporation temperature of the main
HP, the SSCOP is basically unchanged since the increased cumulative heat delivered to the house is coun-
terbalanced by an increased cumulative power consumption. The SSCOP of the system for the year 2010
slightly increases (3.9) since the increase in total heat delivered to the house (+14.77%) is slightly higher
than the increase in cumulative energy consumption (+13.04%).

2. The LCOE of the system is reduced, getting closer to the LCOE of a traditional gas boiler system. This
happens since the total heat delivered to the house increases for the cold year 2010. At the same time, also
the OPEX of the system increases. However, the increase in total heat delivered to the house has a higher
influence on the LCOE resulting in a reduced LCOE. Therefore, the colder the ambient temperature values
throughout the year the more competitive the system will be in terms of cost.

3. The relative CO2 emission reduction are similar for the two different cases. The absolute CO2 emission
reduction is higher for the case of year 2010. This is the case since the overall heat consumption is higher,
therefore leading to higher CO2 emissions for the gas boiler system which in turns increases the absolute
CO2 emission reduction of the SAGSHP systems.

From this conclusions, we can state that the modelled SAGSHP system has a high performance and can have a
significant impact in reducing CO2 emissions, especially if renewable energy sources are used to power the SAGSHP
system. On the other hand, the costs of the system are high compared to a traditional gas boiler system. This intro-
duces economical barriers to the development of the chosen system. Compared to a gas boiler system, this technology
should still be preferred even if more expensive because our priority should be to get to net-zero CO2 emissions as
soon as possible. Governments should incentivize people to install such a system in their homes by providing finan-
cial incentives or other means to overcome the economical barrier of SAGSHP systems.

However, this investigation is just a limited research which can still be expanded and improved in many different
directions to move towards a more efficient and less expensive system. This was a small initial step in the investigation
of the potential of SAGSHP technology. There is still lots to be done. The next steps that could be taken in future works
and research about this topic could focus on the following points to study different options and compare performance
and costs:

• Understand the effects of different control strategies on the performance of the system by using different oper-
ating modes. Some possible strategies that could be interesting to investigate are

– Utilize ETC heat for DHW tank by giving priority to the ETC system with respect to the booster HP. This
could increase the SSCOP by reducing the work of the booster HP but at the same time this could be having
negative effects on the main HP since the booster HP would switch on and off more often

– Utilizing the ETC system only during the summer. This should allow the use of pure water as working
fluid for both the ETC and BHE systems since there is no risk of freezing which in turn should increase the
performance of the system.

• Do a sensitivity analysis of different system’s parameters to see how each parameters affects the cost and the
performance of the system.

– Try different layouts and different working fluids for the HP system

– See the effects that changing number of boreholes, length and working fluid has on the system perfor-
mance and cost

– See how the number of ETC as well as the configuration and other parameters of the ETC system affect the
overall system performance and cost

• Investigate other possible system layout and compare performance and cost.

– Consider the use of the return flow from the BHE to further subcool the refrigerant before the flow enters
the evaporator

– Use a single heat pump to heat up water in a the water storage tank that is used for both SH and DHW

• Improve model’s accuracy to have more accurate results by

– Reducing the simulation time step even further
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– Use different water consumption profiles for different months of the year

– Include also the HP cooling mode in the model

– Define more accurate house heat requirements considering a specific case study

– Include floor heating thermal mass

– Include maintenance cost when calculating LCOE
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