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Abstract

The Netherlands is, in line with the Paris agreement, transitioning from
fossil fuels towards more sustainable forms of energy. This impacts all sectors,
also the built environment. In the future the electricity and heat used in this
sector must be generated without CO2 emissions. This research focuses on
Photovoltaic/thermal (PV/t) panels to generated both. The generated thermal
energy is stored in a seasonal thermal energy storage, which doubles as an energy
source for the cold side of the heat pump. The technical feasibility of this system
is studied in a Mediterranean climate. However, because the climate in Central
Europe is much different, the technical capabilities can not be extrapolated to
other regions. Therefore, the optimal design and operational parameters for
a PV/t system, combined with an energy storage and heat pump installed are
analyzed. In addition to this, the year-round technical performance to effectively
meet the heating and electricity demands of a near net-zero energy primary
school in a Central European climate are researched. Firstly, the current energy
integration of 115 primary schools in the region of Utrecht are determined. This
leads to an energy demand and distribution over 2022 and 2023 for 115 primary
schools in the region of Utrecht. The PV/t based energy systems is modelled
in Excel and linear programming is used to determine the optimal storage size
to reach net-zero from a thermal perspective. In the model different amounts
of PV/t panels on the roofs are modelled. According to the simulations of
the model, 61 of the 115 primary schools are able to reach net zero from a
thermal perspective with 100% of the available roof area filled with PV/t panels.
In addition to this, 19 of these 61 schools reached net-zero from an electrical
standpoint. Reaching fully net-zero is highly dependent on the ratio between
available roof space for solar panels and energy demand. Primary schools with
a large available roof space and low energy demand are more often able to
reach fully net-zero. Additionally, primary schools with an unfavourable ratio
require larger storage capacities, have lower storage temperatures and their heat
pump’s COP is worst, compared to primary schools with a more favourable
ratio. Despite this, installing more PV/t panels does not always result in a more
yearly energy generation. More research is needed on this cross over point to
help when making design choices.
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1 Acronyms

ATES Aquifer Thermal Energy Storage

BAG Basisregistratie Adressen en Gebouwen

BTES Borehole Thermal Energy Storage

CBS Centraal Bureau voor de Statistiek

CHP Combined Heating and Power

COP Coe�cient Of Performance

DHW Domestic Hot Water

ECN Energieonderzoeks Centrum Nederland

HDD Heating Degree Days

HRV Heat-Recovery Ventilator

HVAC Heating Ventilation and Air Conditioning

FPC Flat Plate Collector

IEA International Energy Agency

KNMI Koninklijk Nederlands Metreologisch Instituut

PTES Pit Thermal Energy Storage

PV Photovoltaic

PV/t Photovoltaic/thermal

RVO Rijksdienst voor Ondernemend Nederland

STES Seasonal Thermal Energy Storage

TTES Tank Thermal Energy Storage
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2 Introduction

With the signing of the Paris Agreement, the Netherlands committed itself to
holding "the increase in the global average temperature to well below 2°C above pre-
industrial levels and pursuing e�orts to limit the temperature increase to 1.5°C above
pre-industrial levels" [1]. The Dutch government translated these goals into a target
of reducing CO2 emissions by 49% in 2030 compared to 1990, and 95% in 2050 [2]. To
put this in perspective, the Netherlands emitted 165 megatons of CO2-equivalent in
2022, which is 24% less than in 1990 [3].

In 2022 the built environment emitted 13% of the total emitted CO2-equivalent
in that year. This was 22 megatons of CO2-equivalent. Parallel to this, the built
environment emitted 27% of the �nal energy use in 2022 [3]. It is important to note
that these numbers don't include the CO2 emissions and �nal energy use related to the
electricity used in the built environment. Even tough 30% of the energy used in the
built environment is electricity. Therefore, the actual CO2 emissions and �nal energy
of the built environment is higher as portrait by these numbers.

While 30% of the �nal energy use is electricity, the other 70% of the energy
used in the built environment is heat [4]. The heat is for a large part generated with
natural gas boilers, as 82% of the built environment uses a natural gas boiler as their
main heat source [5]. Approximately, 60% of this natural gas is used in the residential
sector, while the other 40% is used to heat utility buildings [6]. It can be established
that both residential and utility buildings rely heavily on the burning of natural gas for
heating. However, in 2050 in both sectors, must have a net-zero emissions alternative
to the natural gas boiler, to achieve the CO2 emission reduction goals. While, net-zero
is the ultimate goal, at this time near net-zero is also a step in the right direction.

A popular near net-zero alternative of a natural gas boiler is a heat pump [7]. A
heat pump extracts energy from one source and uses electricity to increase that thermal
energy, to provide heat to the inside of the building. Usually this source is the outside
air or ground. The e�ciency, or Coe�cient Of Performance (COP) of the heat pump is
dependent on the temperature di�erence between the source and inside [8]. To ensure
a high COP, the output temperature of a heat pump is typically low, between 35°C
and 45 °C. A higher output temperature would decrease the COP of the heat pump
considerably. Contrary to the low output temperature of a heat pump, the output
temperature of a natural gas boiler is relatively high, around 75°C [9]. Because of the
di�erence in output temperature, switching to a heat pump without decent insulation
is often not su�cient to keep the building warm on cold days. While newer buildings
are often well insulated and therefore able to make the switch to a heat pump without
any further insulation. This is not always the case when it comes to older buildings. In
these instances, additional insulation is a necessity to keep the building warm on cold
days. The downside of insulating older buildings is that it often comes at a substantial
cost and may not always be practical [10]. A near net-zero alternative with an output
temperature similar to that of a natural gas boiler, eliminates the need for further
insulation and could therefore be solution.
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In addition to the generation of energy with natural gas, 30% of the energy used
in the built environment in 2021 was electricity [4]. This is partially o�set by the
on site generation of electricity through solar panels. The installed capacity of solar
panels in the Netherlands increased from 149 MW in 2012 to 19.143 MW in 2022 [11].
This makes the Netherlands the country with the highest installed capacity of solar
power per capita in Europe [12]. Moreover, in 2022 32% of all residential buildings
the Netherlands had solar panels [13]. Despite the popularity of solar panels in the
Netherlands, almost all the installed solar capacity is regular Photovoltaic (PV) [11].
These panels produce only electricity and therefore only provides in the electricity
demand of the building. Solar panels that produce heat are less common, but are
commercially available [14].

An example of heat producing solar panels are Photovoltaic/thermal (PV/t)
panels. These panels convert solar radiation into both electricity and heat. The elec-
tricity is generated similar to a regular PV panel. In addition to this, the radiation
hitting the solar panel, heats up the cells. PV/t panels make use of this heat, utilizing
energy that goes to waste with a regular PV panel [15]. Because of this, PV/t panels
typically have a higher overall e�ciency, compared to a PV panel. However, according
to Tian and Zhao, this is not the only reason why PV/t panels have a higher e�ciency
compared to their PV counterparts. The PV module in the PV/t panel has a higher
performance because of the transportation of heat. The heat removal plate trans-
ports the heat away from the panel, simultaneously cooling the PV/t panel down to
a more suitable operational temperature for electrical performance [16]. The increase
in performance from this e�ect is dependent on the mass ow rate through the panel.
Therefore, increasing the mass ow rate, also increases the performance of the PV unit
of the PV/t panel [17].

Even tough there are advantages to the use of PV/t panels, installing them is
more complex compared to their PV counterpart. PV panels can often be installed
with only minor adjustments to the roof and some changes to the fuse-box. This is the
case because, the electricity of PV panels is used on site or distributed to the electricity
grid. This isn't the case with the thermal energy generated by the PV/t panels. The
produced heat that isn't used immediately needs to be stored. Therefore, systems that
utilize PV/t panels, typically need more installations compared to regular PV panels.

Examples systems that utilize PV/t panels on utility buildings are more common
around the Mediterranean, compared the Netherlands. For example, Del Amo et al.
proposed a PV/t based heating system for the University of Zaragoza. The system
included a 196 m2 PV/t solar array, facing south on the top of the Zaragoza University.
The heat produced by this solar array fed a 300 m3 Seasonal Thermal Energy Storage
(STES). A heat pump used the storage as an energy source to provide energy at the
required temperature. The thermal energy from the seasonal storage enhances the
performance of the heat pump, since the increase in temperature of the cold side of
the heat pump results in a higher COP. The temperature in of the storage uctuated
between 5°C in February to 72 °in August. The study showed the system to be
technically feasible. However, the location was an important factor in this, as the
solar radiation was 1.794 kWh/m2/yr [18]. A similar system was studied for a social
housing project on the campus of the university of Zaragoza. This was also technically
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feasible, partly due to the local climate conditions [19], [20]. Lastly, a system based
on heat form PV/t panels was studied for a university sport complex in Bari, Italy. In
this case, the PV/t panels and storage weren't enough the provide the complex with
heat the entire year. While during the summer, the 70°C required for the radiators
was reached. During the winter auxiliary heating was needed because the temperature
in the storage wasn't high enough. The PV/t panels were able to cover 51.3% of the
yearly thermal energy needed [21].

The PV/t panel, STES and heat pump heating systems proposed for the utility
buildings and large residential complexes in Zaragoza and Bari were able to provide
heat at temperatures around 70°C. However, these studies only showed the capabilities
of this system in Mediterranean climates. It is uncertain if the capabilities are the same
in colder climates, with less yearly solar radiation. The yearly solar radiation per m2

in Central Europe is 700 kWh lower compared to Southern Europe [22]. Therefore, it
is not unreasonable to suspect that the technical potential of such an energy system
is lower when placed in Central Europe. However, it is unclear how much lower this
potential is, and if such a system on a utility building is technically feasible in a Central
European country like the Netherlands.
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3 Research objective and research question

This research focuses on primary schools, instead of including all types of util-
ity building. The reason for this, are the large variations between utility buildings
when it comes to energy demand, daily load curves and construction characteristics.
Comparing local community centre and a public swimming pool, is comparing apples
with oranges. Therefore, this research focuses on primary schools as an utility build-
ing. Primary schools yield certain advantages from a energy demand and construction
stand point. The PV/t panels produce most energy during the day and especially in
the early afternoon [23]. Generally, the energy demand of a primary school increases
during that time [24]. This is in contrast to the demand curve of a residential building.
In that case the energy demand is highest in the morning and evening. Apart from the
demand curve, primary schools yield certain practical advantages compared to other
buildings. For example, most primary schools have at roofs [25]. This makes applying
solar panels easier, and generally more panels can be placed [26]. Additionally, most
of the times there is a playground somewhere around the school. Here the STES could
be placed.

Because of these reason, the main objective of this research is to present a
technical analysis of a heating and electricity system bases on energy generated by
PV/t panels, in combination with an seasonal thermal energy storage and heat pump.
The technical analysis is conducted within the context of a primary school in a Central
European climate. It is the aim to make the system as small as possible, to �nd the
technical limitations of the system. This means that the PV/t array, storage size and
other installations are scaled to the demand and other practical limitations of the
primary school e.g. roof size and already installed PV panels. Moreover, the system
is to be at least net-zero energy from a thermal perspective. In addition to this, if
possible net-zero from an electrical stand point must also be achieved. Lastly, the heat
from the system has to be 75°C to present a direct net-zero alternative to the natural
gas boiler.

The technical analysis of the system is to be conducted along the lines of the
following main research question:

Main research question:

What are the optimal design and operational parameters for a Photovoltaic
Thermal system combined with energy storage and heat pump to e�ectively meet
the heating and electricity demands of a near net-zero energy primary school in the
Netherlands and what is the year-round technical performance of such a system?
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To help answer the main research question, the following sub-questions are for-
mulated:

Sub questions:

ˆ What limitations and potentials do primary schools face in transitioning towards
near net-zero energy buildings?

ˆ What is the current state of electrical energy integration and electrical energy
demand in primary schools?

ˆ What is the current state of thermal energy integration and thermal energy
demand in primary schools?

ˆ What are the possible installation setups that make up an optimized Photovoltaic
Thermal powered electricity and heating system?

ˆ How can Photovoltaic Thermal systems and energy storage contribute to this
transition with minimal installation components?

3.1 Scienti�c and societal relevance

The scienti�c and societal relevance of this research, in the most general sense,
is to present a net-zero heating and power system based on PV/t panels that could
contribute to a more sustainable built environment and to that extent a more sus-
tainable Netherlands. This research will provide relevant insights into the technical
capabilities of a net-zero PV/t panel based electricity and heating system in a Central
European climate. Scienti�cally, this research addresses the lack of research on the
technical capabilities of a PV/t panel based electricity and heating system in colder
climates, such as in the Netherlands.

From a societal perspective, this research o�ers insights into an electricity and
heating system that is net-zero or near net-zero energy. This means that the building
generates as much energy as the building requires over a speci�c period of time. No
or limited, additional electricity, natural gas or heat has to be imported from their
respective grids. Therefore, the PV/t system analysed in this research, contributes to
the societal goal of reducing CO2 emissions, thought the reduction of central energy
generation. In addition to this, according to the International Energy Agency (IEA),
PV/t technologies lack visibility in the building community despite the successes of
several PV/t industries in France and Spain making breakthroughs since 2015 [27]. It
is the aim of this research to shown the capabilities of these technologies anno 2024.
Consequently, technologies get consideration when there is data to back it up and
positive progression over the years is observed [27]. Therefore, research is relevant
from an societal perspective, as it makes PV/t technologies more visible. For these
reasons this research is scienti�cally and socially relevant.
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4 Theory

4.1 Scope and boundaries

This research is conducted within the scope of the Netherlands and focused
on the technical capabilities of a PV/t powered electricity and heating system for
primary schools. 115 primary schools in the region of Utrecht are used as references.
This region includes the municipality of Utrecht, De Meern, Vleuten and Haarzuilens.
The 115 schools within the region of Utrecht di�erentiate in size, year of construction
and shape. Therefore, robust results are obtained from researching these schools. A
list of these schools shown in Appendix A.

Figure 1 shows the schematic overview of the PV/t powered system.

Figure 1. Schematic overview of the PV/t panel powered electricity and heating system.

The system scheme starts with the radiation from the sun and ends with the
energy demand. The research boundary is presented by the dotted square in Figure
1. The system functions as follows: The PV/t panels generate heat during summer.
This energy is stored in the STES. A heat pump extracts energy from the storage,
increasing the temperature and supplying it to the primary school. Electricity is
supplied from and to the grid whenever the PV/t and PV panels generate too much or
too little electricity. In a situation where the panels don't produce enough electricity to
meet the demand. Additional electricity must be supplied by the grid. In this case, the
system is not fully net-zero energy. It is also important to note that the electricity from
the grid is generated with CO2 emissions [28]. Therefore, when importing electricity
from the grid CO2 is emitted.
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Batteries to storage the excess energy are not included in this research. However,
in a future scenario it might possible to make use of a micro-grid to store electricity.
In this case, electricity is stored in a small local grid and used if there is not enough
electricity from the PV/t and PV panels. As of now, micro-grids were still in the
testing phase in the Netherlands, however this technology is considered to be the
important piece in the future energy distribution system [13], [29].

Figure 2 shows a visualization of the PV/t panel powered electricity and heating
system.

Figure 2. Visualization of the PV/t panel powered electricity and heating system.

Figure 2 is essentially the same schematic as Figure 1, however it shows where
the di�erent installations are with respect to the building.
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4.2 Key concepts

In this Section the most important key concepts used in this research are elabo-
rated upon. Many key concepts form the basis of the methodology used to answer the
main and sub questions.

4.2.1 PV panels

To provide the primary school with the necessary electricity, PV/t and PV panels
can be placed on the roof. The electricity generated by the PV panels is calculated
with the following equation:

Pelectrical = � electrical � A � G (1)

In equation 1, Pelectrical represents the electrical power generated by the PV
panel. The electrical e�ciency of the PV panel is shown as� electrical . The area of the
solar panels is represented asA in m2 and solar radiation is shown asG in Watt/m 2.
The electrical e�ciency � electrical is dependent on certain environmental and structural
factors [30]. These are encompassed in the following equation:

� electrical = � 0;electrical (1 � � (Tc � Tref )) (2)

� 0;electrical represents the electrical e�ciency of the PV panel at a temperature of
25°C. The coe�cient of temperature is shown as� in °C� 1. Tref is 25°C and Tc is the
PV cell temperature in °C [30].

In this research the cell temperature is calculated with a simple empirical model
used by Koehl et al. and proposed by Faimann [31], [32].

Tc = T0 +
G

U0 + U1 � Vw
(3)

T0 represents the ambient temperature in°C in equation 3. The coe�cient U0

describes the e�ect of the radiation on the module temperature in the Faiman model,
in W/m 2K. U1 is a coe�cient describing the cooling by the wind in the Faiman model,
in Ws/m 3K. Both, U0 and U1 are coe�cients speci�ed for di�erent types of PV panels
by Koehl et al [31]. The coe�cients for Monocrystalline and Polycrystalline PV panels
are shown in Appendix B.Vw is local wind speed near the modules in m/s.
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4.2.2 PV/t panels

PV/t panels consist of a PV module, used to produce electricity and tubes
underneath the module to extract the heat from the panel. Even though all PV/t
panels are based on this, there are di�erent types of PV/t panels, built with di�erent
intended purposes. Figure 3 shows an overview of the di�erent types of PV/t panels,
their intended purposes and operating temperature.

Figure 3. Di�erent types of PV/t panel technologies with their use and average operating temperature
[33].

PV/t panels with an operating temperature, able to provide domestic hot water
and space heating, are often found around the Mediterranean. While, uncovered PV/t
collectors used as a source for a heat pump, are more common in Central Europe
[34]. Because this research focuses on the technical capabilities of a PV/t powered
electricity and heating system, in combination with an STES, PV/t panels able to
provide electricity and heat for domestic hot water and space heating are relevant to
this research. According to Figure 3, covered PV/t collectors are suitable for this.
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Figure 4 shows a schematic cross Section of a covered PV/t panel, considered in
this research.

Figure 4. Cross Section of a at plate PV/t panel [35].

On top of the PV/t panel a glass pane is place to protect the cells from damage.
Behind this glass pane the PV module is situated. This component is responsible for
the generation of electrical energy. The heat from the cells is transferred via conduction
to the absorber plat, directly behind the PV panel. From there, the heat is transferred
through the absorber plat to the water in the tubes. This is mixture of conductive
and convective heat transfer. The thermal resistance of the absorber plate and tubes
are low to maximize the transfer of energy from the cells to the uid [36]. Behind the
absorber and pipes thermal insulation is placed. Because of this insulation, heat lost
through the back of the panel can be neglected.

The electricity generated by the PV/t panels is calculated similarly to the PV
panels, using equations 1 and 2. The only di�erence being the method cell temperature
is calculated. The method used for the PV panels only dependents on the temperature
increase by ambient temperature, radiation and wind. However, the temperature of
the cell is cold because of the uid that runs at the back of the PV/t panel [18], [37].
Therefore, the method to calculate cell temperature proposed by Koehl is not used for
the PV/t panels. Terashima et al. proposes the following equation to determine the
mean temperature of the module of a PV/t panel:

Tm = ( Tout + Tin )=2 (4)

The equation proposed by Terashima et al. takes the mean temperature of the
panel,Tm , as the cell temperature.Tout and Tin represent the temperature at the inlet
and outlet of the PV/t panel [37]. Via this equations the cooling related to the uid
in the PV/t panel is taken into account. Additionally, ambient temperature, radiation
and wind are taken into account. This is further elaborated upon next.
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As the sun shines on the black surface of the panel, the cell temperature increases.
The heat from these cells ow through the panel to the uid module. The heat ow
through the PV/t panel is calculated with Fourier's law [38], [39]:

q = K � Tc � Tm (5)

Where q is the heat ux through the panel, from the cell to the uid module
in W/m 2. K is the thermal resistance between the heated cell and uid in W/m2K.
This resistance is a mixture between conductive and convective heat transfer. The
temperature of the cell and mean temperature of the module are presented asTc and
Tm respectively. The cell temperature is determined by the method proposed by Koehl,
shown in equation 3. In this equation the e�ect of wind, on the temperature of the cell
is 0 for a PV/t panel. This is the case because no wind ows behind the cell's, as the
absorber and uid module are placed there [30], [40]. The mean module temperature,
Tm is calculated with equation 4.

To calculate the heat ux through the entire surface of the panel, the following
addition to Fourier's law is needed:

_Qpvt = q � A (6)

From this, _Qpvt presents the heat ow, through an area presented asA [38], [39].
The consequent increase in temperature of the uid due to the heat ow is calculated
with equation 7:

Tout =
_Qpvt

_m � cp
+ Tin (7)

The temperature at the outlet of the PV/t panels is heated due to the heat ow
_Qpvt , calculated in equation 6. _m is the nominal ow of the uid in the panel in kg/s

and cp is the speci�c heat of the uid in J/kgK or kwh/kgK. Lastly, Tin represents the
temperature at the inlet of the PV/t panel.

In the end, the heat generated by the PV/tpanel and consequent temperature
increase of the uid, is dependent on the ambient temperature and radiation, via
equations 3, 5, 6 and 7 (not wind speed as this is 0 for PV/t panels). In addition to
this, the characteristics of the PV/tpanel, e.g. the conductive and convective thermal
resistance of the absorber and uid also a�ect heat ow and consequent temperature
increase.
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4.2.3 Thermal energy storage

The thermal energy storage makes it possible to store the heat produced in the
summer by the PV/tpanels. This heat can then be used in the winter, when the PV/t
panels generate less energy. Seasonal energy storage's can be divided into three main
categories: Sensible, latent and chemical STES. With sensible STES the energy is
stored in a selected materials and retrieved when heat is required. Compared to latent
and chemical storage, sensible STES is the most mature technology. It is therefore,
also the most common type of storage. Latent energy storage's use the phase change of
a material to store energy. This is more space-e�cient compared to sensible storage,
however latent energy storage is relatively new and therefore not extensively used.
Moreover, it is more expensive compared to sensible STES. Lastly, the storing of
energy in chemical components is the most novel technology of the three. Currently,
the studies on chemical storage are at the theoretical and laboratory testing stages [41].
Because latent STES is rare and chemical STES is still only used in laboratories, this
research focuses on sensible STES.

Sensible STES can be roughly categorized into four categories. Borehole Ther-
mal Energy Storage (BTES), Aquifer Thermal Energy Storage (ATES), Tank Thermal
Energy Storage (TTES) and Pit Thermal Energy Storage (PTES). BTES and ATES
go deep into the ground, where the energy is stored and retrieved when necessary.
These storage's are expensive technologies, typically used for large scale energy stor-
age's. Because of the depth, special geological conditions are needed to install BTES
or ATES. This means that applying these technologies is limited to certain locations.
TTES and PTES consist of tanks or containers �lled water or water and gravel. These
tanks or containers are used for smaller storage's and go to a depth of 5 to 15 meters
under ground. Because of this, they are cheaper compared to BTES or ATES [42]. Of
the four types of STES, TTES is the most mature technology and �ts best to the scope
of a primary school. Additionally, there are no geographical or geological limitations
to TTES, which makes it applicable to all locations. Therefore, this research focuses
on TTES as seasonal storage.

The energy in the storage slowly disappears over time, whenever the ground
surrounding the storage is colder than the inside of the storage. This ux can be
calculated with Fouriers's law as shown in equation 5. In this case the heat ows from
the inside of the storage, to the outside, as the storage is dug into the ground. The
thermal resistance is typically high, resulting in a lowK . This is achieved due to
the extensive insulation surrounding the storage to limit the energy lost through the
walls. The addition to Fourier's law, equation 6 is also applicable to the conduction
loss trough the storage. In this equation the walls of the storage are the areaA. These
two equations are the theoretic principals behind the STES. Because the storage is
dug into the ground, conductive heat loss can be neglected.
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4.2.4 Heat pump

A heat pump is used to provide heat to the heat distribution system of the
primary school. This is done by extracting the heat from the air, water or ground.
The heat is transferred to a refrigerant and compressed. As a result of the compression,
the temperature and pressure of the refrigerant is increased. Thereafter, the refrigerant
ows through a condenser, where the heat is supplied to the connected heat distribution
system. The heat pump is essential in the PV/t powered electricity and heating system,
as a means to increase the temperature before it is supplied to the heat distribution
system. Without the heat pump the temperature supplied to the heat distribution
system would be high enough in the winter. Within the scope of this research, the
storage is used as the source for the water-water heat pump. This increases the COP
of the heat pump compared to a standard air source heat pump [8]. Because the
temperature of the storage, the source of the heat pump, is higher than the ambient
temperature during the largest part of the year. This e�ect of the di�erence between
source temperature and output temperature is shown by equation 8:

COPhp =
j _Qh j

j _Wj
=

j _Qh j

j _Qh j � _Ql
=

_m(h3 � h2)
_m(h2 � h1)

(8)

In equation 8 jQh j presents the heat generated by the condenser, used to heat
the primary school. jQl j represents the heat extracted from the source.jWj is the
work in the form of electricity needed by the compressor to compress the refrigerant.
The mass ow rate is shown as _m in kg/s and is the same at every stage of the system
because a heat pump is a closed cycle. Enthalpy is shown ash in kj/kg in equation
8 [43]. The di�erent enthalpy stages, numbered from 1 to 4 are shown in Figure 5.

Figure 5. (a) Reverse Rankine vapour compression cycle schematic illustrated using (b) P-h and (c)
T-s diagrams [44].

The heat pump cycles shown in Figure 5 assume isobaric exchange of heat in
the evaporator and condenser and adiabatic expansion valve. Additionally, for further
calculations regarding the heat pump steady state is assumed.

The enthalpy levels, needed to calculate the COP,jWj, jQh j and jQl j, are ob-
tained as follows. Because stages 1 and 3 are on the saturation line, it is possible to
obtain the enthalpy levels and associated pressure from saturation tables [45]. The
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enthalpy of stages 3 and 4 are the same, as is shown in Figure 5 (b). The enthalpy of
point 2 can be obtained via the vertical line from stage 1 to 2 in Figure 5 (c), indi-
cating a constant entropy shown as:s. Therefore, stage 2 can be obtained with the
saturation tables. Finding this by matching the entropy at stage 2 and the operating
pressure at stage 3. The obtained enthalpy in stage 2 is correct when a 100% isentropic
compressor is assumed. However, this is not the case in reality. Therefore, the line
from stage 1 to 2 is not fully vertical, in reality the line tilts to the right, as shown in
Figure 6.

Figure 6. Representation of a real heat pump cycle in a T-s diagram [46].

The impact of the tilt on the enthalpy level can be calculated with 9:

h2" =
(h2 � h1)
� isen

compressor
+ h1 (9)

The enthalpy at the top of the tilted line is presented ash2". With the operat-
ing pressure, the enthalpy of this stage can be obtained.� isen

compressor is the isentropic
e�ciency, this is a characteristic of the compressor [47], [48].

The theoretical principals shown in equations 8 and 9 in combination with �gures
5 and 6, make it possible to calculate the COP of the heat pump. Additionally, it is
possible to calculate the thermal energy extracted from the source, thermal energy
generated by the condenser and work required by the heat pump.
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