Ministry of Higher Education and Scientific Research

Hassiba BENBOUALI University of Chlef
Faculty of Technology

Department of Mechanical Engineering

THESIS

Presented to obtain diploma of

DOCTORATE

Field : Mechanical Engineering

Speciality : Energetics
By
BENCHAMMA Sofiane

Theme :

Design, optimization and energy performance of hybrid
Photovoltaic-Thermal solar-assisted heat pump systems for buildings
applications in Algeria.

lth

Presented on April 11", 2026 in front of the jury composed of :

Mr. KHELIL Ali Professor UHB-Chlef President
Mr. CHETTI Boualem Professor UBD-Khemis-Miliana Examiner
Mr. KAMLA Youcef MCA UHB-Chlef Examiner
Mr. BELALIA Azeddine MCA UHB-Chlef Examiner
Mr. MISSOUM Mohammed MCA U-Tipaza Supervisor

Miss. BELKACEM Nefissa MCB UHB-Chlef Co-Supervisor







iii

Abstract

The demand for solar-assisted heat pumps is increasing over time to meet
human needs for home comfort, such as heating and domestic hot water,
while maintaining lower costs. This trend aligns with the commitment of
governments around the world, including Algeria, to provide clean renew-
able energy and move away from polluting fossil fuels that contribute to gas
emissions. The energy source for operating a heat pump system can be sin-
gle, such as solar energy alone or air energy alone or can be dual or multiple
sources in same time, meaning the heat pump system operates using more
than one source of energy, like solar energy and air. Solar heat pump systems
are divided into two types. One is referred as the direct-expansion system,
abbreviated as DX-SAHP, where the solar collector acts as the evaporator at
the same time and the other type is referred as the indirect-expansion sys-
tem, abbreviated as IX-SAHP, where the solar collector and the evaporator
are separated from each other. The contribution of this study is to design and
optimize a new dual solar-air heat pump system that can operate in direct-
expansion mode (DSM), or in indirect-expansion mode (ISM) and it can also
operate in a third mode Direct/indirect-expansion (D/ISM). The objective is
to investigate and compare the performance of the new system when oper-
ating in the three modes. First, a mathematical model for DX-SAHP system
based on the fundamentals of thermodynamics and heat transfer is devel-
oped, validated and implemented in MATLAB. Then, a TRNSYS model sim-
ulating IX-DSHP system type is developed. In the third step, the two models
are integrated to obtain the new DX/IX-DSHP system. Results show that
when the system operates in D/ISM mode, it achieves better performances.
The coefficient of performance is 2.89, the seasonal performance factor is 9.19
and the solar fraction is 63%. Whereas, they are 2.63, 6.23 and 51% in ISM
and are 2.41, 3.76 and 29% in DSM. Parametric study indicates that the area
of the solar collector, whether conventional thermal collector or photovoltaic
thermal collector, has a direct effect on performance, while the set-point tem-
perature of the tanks has a minimal impact. Economically, the D/ISM shows
a shorter payback period compared to the other two modes if global energy
prices are considered. The PBP is 7, whereas it is 8 and 9 in the ISM and DSM
respectively.

keywords: dual source solar-assisted heat pump; hot water production; space
heating; coefficient of performance; solar fraction; seasonal performance factor; water
source heat pump; air source heat pump.
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Résumé

La demande de pompes a chaleur solaire augmente au fil du temps pour
répondre aux besoins de confort thermique en chauffage et en eau chaude
sanitaire, tout en maintenant des cofits réduits. Cette demande s’aligne avec
I'engagement des gouvernements du monde entier, dont 1’Algérie, a fournir
une énergie propre et renouvelable en conservant leur sécurité énergétique
et en abandonnant les combustibles fossiles polluants qui contribuent aux
émissions de gaz a effet de serre. Un systeme de pompe a chaleur peut fonc-
tionner par une source thermique unique, comme 1’énergie solaire seule ou
I'aérothermique seule, ou par deux ou plusieurs sources en méme temps,
comme la dualité solaire-aérothermique. Les systemes de pompes a chaleur
solaire se catégorisent en deux types. Le premier est appelé systeme a détente
directe, ou DX-SAHP, dans lequel le capteur solaire joue le role d’évaporateur.
Le second est appelé systeme a détente indirecte, ou IX-SAHP, dans lequel le
capteur solaire et ’évaporateur sont séparés. La contribution de la présente
étude est de développer et optimiser un nouveau systéme de pompe a chaleur
a dualité de source d’énergie solaire-air, pouvant fonctionner en mode dé-
tente directe (DSM) ou détente indirecte (ISM), ainsi qu’en mode détente
directe/indirecte (D/ISM). L'objectif est d’étudier et de comparer les per-
formances du nouveau systeme dans ces trois modes. Un modele math-
ématique a d’abord été développé a l'aide du logiciel Matlab pour le sys-
teme DX-SAHP. Ensuite, un modéle TRNSYS a été développé pour simuler
le systeme IX-DSHP. Dans une troisieme étape, les deux modeles ont été in-
tégré pour créer le nouveau modele du systeme DX/IX-DSHP. Les résultats
montrent que le systeme fonctionnant en mode D/ISM atteint de meilleures
performances. Le coefficient de performance est de 2,89, le facteur de perfor-
mance saisonnier est de 9,19 et la contribution de I’énergie solaire est de 63 %.
Alors qu’ils sont de 2,63; 6,23 et 51% dans 1'ISM, et de 2,41; 3,76 et 29 % dans
le DSM. L'étude paramétrique indique que la surface des capteurs solaires,
qu’ils soient thermiques ou photovoltaiques thermiques, a un impact direct
sur les performances, tandis que la température de consigne du réservoir a
un effet minimal. D’un point de vue économique, le D/ISM présente un
délai d’amortissement (PBP) plus court que les deux autres modes, compte
tenu des prix mondiaux de 1’énergie. Le PBP est de 7, alors qu’il est de 8 et 9
dans le ISM et le DSM respectivement.

Les mots clés: pompe a chaleur a double source solaire-air; production d’eau chaude
sanitaire; chauffage bitiment; coefficient de performance ; fraction solaire; facteur de
performance saisonnier ; pompe a chaleur a eau; pompe i chaleur a air.
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General Introduction

All aspects of life improvement, industry, transportation, buildings and
technological facilities are entwined with energy. In a world facing environ-
mental challenges, where the need for sustainable energy sources is increas-
ing to meet daily human needs, clean energy has emerged as one of the most
important solution for a more sustainable future. Clean energy, or renewable
energy, is derived from inexhaustible natural sources and is characterized by
being environmentally friendly, achieving sustainable development, improv-
ing public health, ensuring self-sufficiency, and not contributing to harmful
greenhouse gas emissions. The importance of clean energy lies in its being
the optimal alternative to fossil fuel sources, such as oil and coal, which are
among the main causes of environmental pollution and climate change. Sci-
entific research and technological development are working to reduce the
costs of producing clean energy, making it more commercially competitive.
This aligns with governments policies directions around the world, includ-
ing Algeria, which supports energy security and advocates the transition to

clean energy, contributing to the acceleration of its adoption.

The human need for home comfort means such as heating and hot water
drives more efforts to find the optimal means to provide them. Heat pumps
were developed as an alternative to air conditioning and traditional heating
methods that operate on electricity or natural gas combustion. The specificity
of heat pumps is that they use renewable energy sources to absorb low heat,
like in air and water, converting them within their components: evaporator,
compressor, condenser, and valve into useful heat that can be used for heat-

ing homes and domestic water.

Previous studies and research have shown that using a single energy
source, such as solar energy alone, reduces the efficiency and performance
of heat pumps due to weather fluctuations, geographical differences, and the
day-night cycle. Therefore, the trend now is towards using multiple sources

of thermal energy to operate heat pump.

Additionally, a heat pump is assisted by solar thermal energy via solar
collectors, which may be solar thermal collectors, photovoltaic collectors or
photovoltaic/thermal collectors. The evaporator present in a heat pump sys-
tem can be the thermal collector itself, and in this case, the system is classi-
fied as a direct-expansion solar assisted heat pump system, referred to as
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DX-SAHP, or the evaporator can be separated of the thermal collector, in
which case the system is classified as an indirect-expansion solar assisted
heat pump system, denoted by IX-SAHP.

Technological development and research are working to achieve the high-
est efficiency and performance rates for these systems by improving their
components with minimal cost and required space. However, we found
through the literature review that all works have been conducted based on

the two independent classifications mentioned in the previous paragraph.

The current study aims to investigate the performance of the novel de-
signed system able to operate under the two classifications either simulta-
neously or seperately. We denote the new solar system with the symbol
DX/IX-DSHP to compare the obtained results between the three working
modes of the system: Direct solar mode (DSM), Indirect solar mode (ISM)
and Direct/Indirect solar mode (D/ISM).

The methodology adopted in this work starts with the development of a
mathematical model using Matlab to obtain the results provided by a solar
assisted heat pump system that uses solar thermal energy as a single energy
source, classified as direct-expansion system, denoted by DX-SAHP.
Secondly, TRNSYS dynamic simulating program is used to develop a model
that allows the investigation of the performance of an indirect-expansion
dual solar-air heat pump system, referred to as IX-DSHP.

In the third stage, the two models related to DX-SAHP and IX-DSHP were
integrated into one TRNSYS environment to create a model for the new heat
pump system developed in this study, which we referred to as DX/IX-DSHP.
The results show an improvement in performance indicators of the new hy-
brid heat pump system by optimally utilizing the thermal energy available

from the two dual solar-air energy sources.

Thesis structure

The thesis is divided into three chapters. In the first chapter, we present and
define the background of the literature relevant to the research work. The
results of previous studies related to the current study are outlined, followed
by an explanation of the contribution and the novelty of the topic with the

efforts made aiming the optimal performance of heat pump systems.
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In the second chapter, we review the methodology employed to investi-
gate the performance of the newly developed thermal system. After detailing
the building under study and the climatic conditions surrounding the area
where the building is located, we ensure that the proposed model under the
TRNSYS program operates efficiently, guaranteeing the necessary energy for
space heating as well as hot water for domestic use at the required temper-
atures. We then explain in detail the procedure of mathematical modelling
using Matlab and then integrated with the TRNSYS program, and we review

all related mathematical equations.

Chapter three deals with the presentation of obtained results. We begin
by presenting the daily results and then the total results throughout the entire
heating period, which corresponds to the months of the year when there is
demand for space heating and domestic hot water. Additionally, we present
a parametric study relevent to the impact of system components effect on its
performance. The chapter concludes with an economic analysis to the pro-
posed system.

The presentation of the thesis ends with a general conclusion, present-
ing the idea of the research, the contributions made, the results derived, and

recommendations for future work.



Chapter 1

Literature Review

1.1 Introduction

Worldwide energy consumption still increases in response to human needs
for thermal comfort, urbanism and technology development. Most people
spend 90% of their daily lives indoors and relying on heating and air con-
ditioning, thus leading to buildings becoming a large energy consumer [1].
Statistics show that the residential sector is the third total energy worldwide
consumer after industrial and transportation sectors [2]. This increase in en-
ergy consumption is associated with steady growth in fossil fuels consump-
tion leading to gases emissions, pollution and greenhouse effect that influ-
ence the environment and nature. For instance, the EU revealed that the
building residential sector in the continent consumes 40% of total energy
end-use, generating 36% of greenhouse gas emissions [3]. This demand is
divided into three main consumption categories: Space Heating (SH) (53%),
as the largest segment; and Domestic Hot Water (DHW) supply (9%). The
remaining is used for other heating and cooling purposes [4], [5] and [6]. In
last decades, the world big concern has become to shift to renewable energies

in attempts to cope with human needs and climate impacts.

In case of Algeria, a promising renewable energy program has been launched
to increase the renewable energy share in the country energy production [7].
The national energy mix program is to attain the objective of 65% solar re-
newable energy by 2050 [8].

Heat pumps are attended to play a crucial role in switching from fos-
sil energies reliance to renewable energies benefits. They have been a pop-
ular technology for last decades attracting the attention of researchers to
enhance their performances and governments to expand their widespread
use. Heat pumps are highly efficient devices that transfer heat from a lower-

temperature location to another higher temperature using a small amount
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of energy. The performance of heat pumps strongly depends on the source
temperature. Therefore, the studies are carried out depending on the source
nature and weather conditions. The heat pump system components and ar-
rangements constitute large contributions of studies in an objective to con-

tinuously rise its performance.

This chapter is divided into three parts. The first part presents the key
vocabulary used in this thesis in the form of definitions and basic principles.
The second part presents a literature review relevant to this study, with a par-
ticular focus on recent researches. The final section summarizes the research

problem and presents the research’s contribution.

1.2 Part One: Definitions

1.2.1 Heat pump systems

Heat pump systems are energy efficient systems in which a heat pump allows
the heat transfer from a colder environment to a warmer environment con-
trary to natural flow of thermal energy which is from a higher temperature
medium to a lower temperature one. The big interest from using heat pumps
is that they use a small amount of thermal energy [9], they offer econom-
ical and efficient alternative of recovering heat from different heat sources
[10] and they produce heating with a quality [11]. Environmentally, they are
characterized by low gases emission due to low consumption of primary fos-
sil energy sources and they can be supported by renewable energies such as
solar energy [12].

The functioning of a heat pump system is achieved through a basic heat
pump connected to an environment of different energy source from one side

and the application or the desired energy output on the other side.

1.2.2 Basic cycle of a heat pump

The basic cycle of a heat pump consists of four important components, namely
an evaporator, a compressor, a condenser and an expansion valve as shown
in Figure 1.1. The circulating fluid, or energy-carrying medium or refriger-
ant, when passes through the evaporator, is heated by absorbing heat from
the surrounding. It is at vapour state with low pressure and high temper-
ature at exit 1 shown on the figure. This is then driven to a compressor to
produce high pressure and high temperature at exit 2 that can be delivered

to a heat exchanger (condenser). The high-pressure and high temperature
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fluid when enters the condenser cools to its saturation temperature by ex-
changing heat with a cooling medium and turns into liquid at exit 3. At
expansion valve level, the fluid undergoes an isenthalpic process, becoming
a two-phase mixture of the refrigerant at exit 4 with low pressure and tem-
perature. The two-phase re-enters the evaporator to be fully vapour so the
heat pump cycle is repeated.

[y

Compressor @

Evaporator

=
1€
@ Condenser

Expansion Valve
FIGURE 1.1: Schematic illustration of a heat pump cycle.

1.2.3 Air source heat pump

An air source heat pump used for space heating or for water heating absorbs
heat from the outside air and uses electricity from the grid to turn the com-
pressor. The work principle is the same of a heat pump cycle. It transfers the
heat energy, by utilizing ducts, to water or indoors by evaporating coolant
liquid fluid which is compressed to a higher pressure and temperature. This
coolant fluid is then condenses in the condenser allowing the heat from the
environment to be transferred to the home heating system [13].

ASHPs are known by their convenience to install and are less susceptible
to frosting in high-altitude plateau areas due to the relatively low humidity
[14]. They are suitable for climate regions where temperatures in winter is
above -10°C and summer temperatures are moderate [15]. These weather
conditions are typically similar to the conditions of the city of Djelfa under
case study.

Nowadays air-source heat pumps are efficient heating devices compared
to conventional heating systems like gas boiler systems due to their positive
ratio between what they consume and what they release as energy [16]. The
drawback is that these systems become less efficient in very low ambient

temperatures due to high electricity consumption [17].
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ASHPs come in two varieties air-to-air and air-to-water heat pumps [18]

[19]. A schematic of both types is illustrated in Figure 1.2.
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FIGURE 1.2: Types of air-source HPs, inspired from [20].

Air-to-air heat pump

Air-to-air system directly heats the air of a room which is circulated by fans
using a slim wall-mounted box with two units connected via ducts, one in-
door unit located in a room that requires heating and the second located
outdoor. Both units operates with a single compressor. Most air-to-air heat
pumps are actually reversible air conditioning units, as they perform both
heating and cooling. The drawback is that air-to-air load is only for space
heating application. [21]

Air-to-water heat pump

In air-to-water heat pump system, the heat is transferred to a water-based
central heating system consisting of pipes and wall radiators to provide in-
door space heating and hot water. To transmit heat from the refrigerant,
the system needs a heat exchanger in hot water tank. Air-to-water heat
pumps have a factory sealed refrigerant loop, and can be installed by reg-
ular plumbers and heating engineers [18].

Air-to-water heat pumps surpass air-to-air heat pumps by the both supply
of hot water and space heating. However, for space heating reasons alone,
air-to-air HP has bigger heating capacity than air-to-water [22]

Figure 1.3 illustrates the two different indoor units of ASHP. On the left,
air-to-air HP indoor unit and on the right, a radiator of air-to-water HP.

1.2.4 Water source heat pump

Water-source heat pump uses heat in the tank as a heat source for the HP.
In this type, solar energy is collected by the solar collector to heat the water.
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FIGURE 1.3: ASHP ouput units [22].

The evaporator draws energy from solar heated water and sends the working
fluid to the compressor. After compression phase, the working fluid goes into
the condenser. Thereby the working fluid releases heat application medium
[23].

Depending on the application water heating or space heating, WSHP may
be water-to-water heat pump or water-to-air heat pump as illustrated in the

schematic of Figure 1.4.
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FIGURE 1.4: Types of water-source HPs, inspired from [20].

Water-to-air heat pump

A water-to-air heat pump extracts thermal energy from a water source and
transfers it to air circulated in ducts inside a building. This kind of heat
pumps is suitable for space heating and cooling. Circulation pumps are con-
trolled to operate when heat gain from the heating water source and a storage

capacity for heat are available [24].
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Water-to-water heat pump

A water-to-water heat pump transfers thermal energy between two water
loops. It absorbs heat from a source water loop and releases it to a load water
loop. Efficient for space heating, cooling, and domestic hot water production,
water-to-water HP surpasses water-to-air HP by the production of hot water

for domestic needs [25].

After this overview of heat pumps, we would like to point out that the
type used in the present work is a heat pump that operates with double
sources, air and water, to become air-to-water source and water-to-water
source heat pump. Obviously, the switch between the two sources obeys
to a control. This is due to the requirements of supplying hot domestic water

and space heating.

1.2.5 Heat pump components
The refrigerant

The refrigerant of the heat pump is a key element of evaluating the perfor-
mance of the heat pump. The refrigerants have unique properties which un-
dergo phase transition from liquid to gas and vice versa. This phase change
allows a latent heat storage between the condenser and evaporator [6]. The
gas phase takes place after evaporation at low pressure (evaporating pres-
sure) and the liquid phase takes place after the condenser at high pressure
(condensing pressure). The performance of a heat pump relies strongly the
circulating refrigerant and its evaporating temperature [26].

R134a or HFC-134a or (1.1.1.2-Tetrafluoroethane C H, FCF3) is a common Freon-
based refrigerant [27]. It still widely used in household facilities, this is at-
tributed to its zero Ozone depletion and its safety and non-flammability [28].
Its physical properties are shown in Appendix A.

R134a is the refrigerant selected for this study as discussed in the second
chapter.

The evaporator

As its name indicates, an evaporator evaporates the heat coming into the
low-pressure liquid refrigerant after being absorbed from the surroundings.
Common configurations of evaporators are direct-expansion coil evaporator,

finned-tube evaporator and shell-and-tube evaporator.
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¢ Direct-expansion coil evaporator:
Embedded refrigerant tubes installed in a metal plate, usually in cop-
per on aluminium, and directly exposed to heat source (sun or air), see

photo in Figure 1.5 (a).

¢ Finned tube evaporator:
It consists of tubes with extended metal surfaces, named fins, to in-
crease its surface area hence increasing the heat transfer with air, see
photo in Figure 1.5 (b). It is commonly used in air-source HP type.

¢ Roll-bond evaporator:
Roll-bond evaporator consists of tubes where the circulating fluid flows
connected to an absorber plate. This design increases the heat transfer
area between the fluid and the plate as seen in Figure 1.5 (c). [29].

(a) Cail [30] (b) Finned tubes (c¢) Roll-bond [29]

FIGURE 1.5: Common types of evaporators

The compressor

A compressor is a mechanical device that drives the vapour refrigerant through
the heat pump cycle by increasing its pressure and temperature, enabling
heat transfer in the condenser.

Common types of compressors are rotary, scroll, reciprocating, screw and

centrifugal compressors as shown in Figure 1.6.
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(Side View, Cutin Half) Compressor Cylinder
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(a) rotary [31] (b) scroll [32]

(d) screw [34] (e) schematic of centrifugal [35]

FIGURE 1.6: Common types of compressors

The working principle differs from one type to other. A rotary compres-
sor uses two helical rotors to compress the gas. A scroll compressor is formed
by two identical spiral-shaped metallic pieces (scrolls) with eccentric motor
shaft arranged within a hermetic shell . One of the scrolls is stationary and
the other moves in an orbital motion [32]. A reciprocating compressor is
considered as high piston velocity machines. It uses pistons driven by a
crankshaft in a reciprocating motion [36]. A screw compressor consists of
two rotors in a common housing. Both rotors have helical lobes and rotate
relative to each other. As they rotate, the lobes and housing create compres-
sion chambers [37]. The centrifugal compressor is a high-volume machine.
The pressure of the air is increased as it is pushed by centrifugal force utiliz-
ing the blades of a centrifugal pump [38].

Indeed, compressors are classified according to their heating capacity as
shown in Figure 1.7. Rotary-type compressors are low-noise machines and
suitable for household heating [39].
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FIGURE 1.7: Heating capacity of compressors [40].

The condenser

A condenser is generally a copper tube. Its role is to release heat from the
refrigerant to the surroundings (air or water), causing the refrigerant to con-
dense from vapour to liquid. Condenser design underwent two stages style
with annular flow and U style pipe [41]. When considering COP as the func-
tion of mean water temperature, the performance of U style pipe system is
better than that of annular condenser system. System COP and the rate of
heat production increase with the loop number increases [41] [42]. Figure 1.8
(a) represents a photography of an immersed condenser of the R134a in a

DX-SAHP and Figure 1.8 (b) represents a schematic of an annular condenser.

(a) U-stile pipes [43] (b) Annular [44]

FIGURE 1.8: Common types of condensers

The expansion valve

The role of an expansion valve is to decrease the pressure of the liquid refrig-
erant before it enters the evaporator. It controls the flow rate and pressure
drop of the refrigerant for optimal evaporation conditions in the evaporator.
Common expansion valve types are Thermostatic Expansion Valve (TXV),
electronic expansion valve (EEV) and capillary tube expansion valve. Fig-
ure 1.9 represents, for indication purposes only, some available on-line mod-

els of expansion valves.
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(a) TXV [45] (b) EEV [46] (c) Capillary tube [47]

FIGURE 1.9: Common types of expansion valves

1.2.6 Solar thermal collector

Of all renewable energy sources, solar energy emerges as one of the most
promising alternatives to fossil fuels [48]. Solar thermal collectors are panels
which convert the incident solar radiation into thermal energy and transmit
it to a working fluid flowing through the collectors. The solar irradiation
heats up an absorber plate attached to the heat carrier tubes. The absorbed
energy is then transferred to the working fluid in these tubes and conveyed
for subsequent use for domestic hot water or space heating or be stored in a
thermal storage tank for later uses.

Depending on their temperature outputs, solar thermal collectors may be

categorised as stationery, sun tracking and concentrating collectors.

The range of temperature outputs of sun tracking and concentrating solar
collectors is in between 60 °C and 2000 °C [49]. It is obvious that these are
not the suitable collector types that can be employed in single-family house
where the required heat source is less than 100 °C either for domestic hot wa-
ter or for space heating. The structures and design of these panels are well
discussed in literature for further readership.

The stationary collectors consist of flat-panel collectors (FPC), evacuated
tube collectors (ETC), and compound parabolic collector where their temper-
ature output is usually in between 30 °C and 240 °C [50].

The output temperature of a flat plate collector is generally between 30
°C and 80 °C, hence they are the most suitable collector types and commonly

used in residential building applications for domestic hot water production
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[49] [51].

Flat plate collectors come in two varieties, glazed FPC or unglazed, as

discussed in the two next sub-paragraphs.

Glazed collector

In solar thermal collectors, glazing refers to the transparent cover usually
made of glass or plastic that sits above the absorber plate. Its role is for both
energy capture and heat retention via the greenhouse effect in addition to
the protection of internal components from weather, debris, and mechanical
damage. Also, the glazing may be single or double-glazed which offers ther-

mal insulation and helps reduce heat loss.

A typical glazed FPC consists of following components shown in Fig-
ure 1.10:

* Glazing (single or double): the glazing is a transparent layer used to

reduce the convection and radiation losses,
* Header tube: used to charge and discharge the working fluid,

¢ Liquid transport tubes or passages: used to transfer or direct the flow-

ing fluid from the inlet to the outlet,

* Absorber plate: used to absorb the incident solar irradiation and to hold

the tubes or passages,
¢ Insulation: used to reduce the collector heat losses (back and sides),

¢ Casing: used as a box to hold the above components in place and pro-
tect them from dust and moisture.

Unglazed collector

Unglazed collector means that the collector does not include glazing layer as
shown in Figure 1.11. With this kind of solar collector, solar heat collection
is improved with reduced solar radiation reflection which improves conse-
quently the system performance [53]. it prevents heat loss so that heat is
completely absorbed by the plate and transmitted to refrigerant. Unglazed
FPC is the most widely used and investigated one among other types of solar

thermal collectors [54].
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Glazing

Insulation

FIGURE 1.10: Schematic of a glazed flat-plate collector [52].

An unglazed flat-plate solar collector is usually used as evaporator in DX-
SAHP system [53] and it is more efficient for temperatures below ambient

[55].
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FIGURE 1.11: Schematic of unglazed flat-plate collector [56].

1.2.7 Photovoltaic thermal collector

With PVT notation, the terms "photo" and "voltaic" denote light and electric-
ity, respectively. A photovoltaic cell, also known as a solar cell, is a device
that converts sunlight into direct electricity without the interference of en-
gines. When the cell is exposed to light, an electrical field is created between
its two layers, causing a potential difference that can be connected to a circuit
to generate electricity [57] [58].

A panel photovoltaic thermal (PVT) can simultaneously produce solar ther-
mal energy (thermal part) and solar electricity (PV module) from a single
integrated system with the principle illustrated in Figure 1.12. A simulation
study found that 1 m? of unglazed PVT for DHW preheating per person can
deliver 230 kWh thermal and 150 kWh electrical energy annually, outper-
forming standalone PV modules by 4% [59].
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FIGURE 1.12: Schematic illustration of a PVT system opera-
tions.

The addition to a STC is that the absorber is covered by a PV layer [60].
The absorbed thermal energy is transferred to a transmitter fluid instead of
dissipating it to the environment [61] [62]. The thermal energy is then car-
ried via fluid flow tubes and channels under insulation to the rest of the HP
system. The design of a PVT collector is shown in Figure 1.13.

HEE—

PV Panel Base

Fluid Flow Tubes

— Tube Insulation

PV Panel ‘[

Fluid flow
Fluid flow tube ChanaE
(Inlet and outlet)

FIGURE 1.13: Schematic of a PVT collector [52].

Channel Base

Compared to a conventional solar thermal collector, a PVT collector pos-
sesses two distinct opposing qualities. It allows electricity production which
is not involved in a STC, but it decreases the heat collection capacity [63].

It is worth to remember that two ways existing to combine the photo-
voltaic and the heat pumps. We are discussing in the present work the photo-
voltaic thermal (PVT), which uses the solar heat in the water as heat source.
The system often abbreviated as (PVIT-SAHP). The other way, which is not
relevant to the present work, is the use of photovoltaic (PV-SAHP), which
employs the solar heat on the PV as the heat source [64] and [65].
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After this overview of solar collectors, we would like to mention that both
types of collectors, unglazed bare plate solar thermal and photovoltaic/thermal
collectors are used in the heat pump system under consideration.

1.2.8 Solar-assisted heat pump systems

SAHP system is a system that uses solar collectors, which may be either so-
lar thermal, PVT or hybrid collectors, providing heat to the evaporator of
the heat pump. Solar collectors provide thermal energy that can be utilized
for space heating, water heating, steam generating, or stored in thermal stor-
age to be subsequently used in periods of reduced solar radiation or during
night-time. The solar energy that is gathered acts as the main heat source for
a heat pump [66]. Due to higher evaporating temperatures, their coefficients
of performance (COPs) are much higher than those of traditional heat pumps
[67].

This makes SAHP a practical solution at low ambient temperatures and

the reason of many researches in last decades [53].

There are two main types of SAHP systems, namely direct-expansion
solar-assisted heat pump (DX-SAHP) systems and indirect-expansion solar-

assisted heat pump (IX-SAHP) systems.

Direct-expansion solar-assisted heat pump system

In DX-SAHP, the thermal collector plays the role of evaporator, where the re-
frigerant circulates and absorbs heat directly from solar energy and ambient
air[68], [69] and [70]. The solar collector in the DX-SAHP system is usually a
flat plate type without any back insulation so that heat can also be extracted
from the ambient air using the solar collector [20]. Thus, both processes,
namely collecting solar energy and vaporizing the refrigerant, are realized in
one unit only. This leads to several advantages:

* This design enables solar radiation to directly serve as a heat source for
the evaporator, avoiding the necessity for any intermediate fluid and
eliminates the need for a heat exchanger, making the system simpler

and more efficient with low cost,

* The direct vaporization of the refrigerant in the solar collector-evaporator

leads to higher heat transfer coefficients,

* The use of one unit solar collector-evaporator with no additional evap-

orator unit reduces overall system cost,
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* The working fluid in the collector is refrigerant instead of water, which
can prevent the freezing problem of solar collectors in cold nights [71]
and eliminates corrosion, leading to longer system life [72].

DX-SAHP systems are primarily intended for the generation of domestic
hot water (DHW) [66].
Figure 1.14 represents a schematic illustration of a DX-SAHP.
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FIGURE 1.14: Schematic illustration of a DX-SAHP.

Indirect-expansion solar-assisted heat pump system

In IX-SAHP, the collector and the evaporator are separated by a heat ex-
changer [67] and [66]. Both the heat pump and the solar thermal collector
(STC) supply the heating demand together but with two separated cycle with
the aim of heating with different arrangements. The role of the STC is to ex-
tract heat from the heat source via working fluid, like water, glycol or air,
and transfers it to the evaporator via a heat exchanger. The thermal energy is
used for heating space directly or serving as heat source for heat pump [53].
Thus, advantages that can be drawn from IX-SAHP systems are:

* Both DHW provision and space heating can be supplied efficiently.

¢ They provide space heating directly, unlike DX-SAHP systems, by-passing
the heat pump in high solar irradiations, which results in low energy

consumption by circulation pump.

¢ The influence of unstable weather conditions is reduced owing to the
presence of a heat exchanger between the solar heat transmitter loop

and the refrigerant fluid loop and to the use of water storage tank
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* A heat storage system is always integrated into the system to control

the energy production and demand.

The configuration of a IX-SAHP is more complex system since it uses ther-
mal storage materials. Figure 1.15 is a schematic representation of IX-SAHP.
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FIGURE 1.15: Schematic illustration of IX-SAHP.

1.2.9 Dual source SAHP system

As its name indicates, a single source SAHP system indicates that the HP ab-
sorbs thermal energy from a unique source. For example, air alone or solar
alone. Given solar energy is the single thermal source of a SAHP system, its
thermal performance declines under worse weathering conditions, particu-
larly in low solar radiation availability [74], [73], [21] and [75].

As discussed above, a single source HP system presents a number of lim-
itations that reduce its efficiency and performance due to its dependency on
unstable weather conditions. For this reason, dual source heat pump (DSHP)

system is proposed as a real solution to face these limitations.

The use of air ambient as a second heat source allows the heat pump
working continuously and in stable conditions. A dual source solar-air heat
pump (DSHP) system possesses two evaporators; one is used to absorb solar
thermal energy and the other to absorb thermal energy from air environment
[76].

DX-DSHP is usually investigated for DHW production, but the performance
of this latter is rarely evaluated for space heating. Figure 1.16 highlights a
schematic representation of a DSHP system.
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FIGURE 1.16: Schematic illustration of a DSHP system.

There are different possibilities for connection of the heat pump and the
solar heating system. The solar collector of the system and the air evaporator
of the heat pump (ASHP in this case) can be arranged in series or in parallel.

1.2.10 Series arrangement

In this arrangement, see Figure 1.17, solar collectors and heat pump are con-
nected in series, directly or through a storage tank. The heat pump uses solar
energy as a heat source, from a solar collector loop directly or through a stor-
age tank [77]. In series scheme, the refrigerant takes heat from SCE and AE
sequentially. In such configuration, heat transfer inconsistency between the
two evaporators is to be taken into consideration.
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FIGURE 1.17: Schematic illustration of DSHP in series arrange-
ment.
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1.2.11 Parallel arrangement

In a parallel SAHP system, solar collectors and heat pump are independent
units (subsystems) and simultaneously support the system heating load, see
Figure 1.18.
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FIGURE 1.18: Schematic illustration of DSHP in parallel ar-
rangement.

Solar energy can be used directly from a solar collector loop or from a
storage tank. The heat pump is separated from the solar subsystem where it
uses a heat source other than solar energy like air or ground [78].

An automatic control decides which subsystem should be used at a given
time, i.e., which subsystem has better thermal performance at that time [77].
The great advantage of the parallel system is that the heat pump could stop
operating when the heat output of the solar collector meets the system heat-
ing demand [78]. This gives a better performance under the condition of
abundant solar radiation and ambient temperature. The parallel system is

the most applicable system that accounts for 61% of the market [79].

1.2.12 Performance indicators
Coefficient of performance (COP)

Heat pump efficiency is determined by comparing the amount of heat energy
delivered by the heat pump to the amount of energy it consumes. Referred as
the Coefficient of Performance (COP) in heat pumps studies, it expresses the
ratio of the amount of thermal energy in kilowatts provided by a heat pump
to the kilowatts of power it consumes [13].

The COP of the heat pump is dimensionless (unitless) parameters using
Equation 1.1:

cop = <P (1.1)
Enp
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Where Qpp is the total thermal energy provided by the heat pump, de-
tined by Equation 1.2 as:

Qup = Qpxap + Qasup + QwsHp (1.2)

Where Qpxrp, Qasup and Qwsyp are the heat provided in DXHP mode, in
ASHP mode and in WSHP mode respectively.

Epp is the total electrical energy consumed by the heat pump, defined by
Equation 1.3 as:

Engp = Epxup + Easap + Ewshp (1.3)

Where, Epxpp, Easyp and Ewsyp are the electricity consumed in DXHP
mode, in ASHP mode and in WSHP mode respectively.

Seasonal performance factor (SPF)

The seasonal performance factor of a heat pump takes into account how
well the whole heating system performs throughout a period of time. It is
a weighed average of the COP over a full heating season (i.e., the efficiency
of the heat pump at standard operating conditions weighted by the number
of days at which these occur) at a specified boundary of the heating system.
This allows a meaningful energy label to be defined for eco-design [13].

The seasonal performance factor is a dimensionless (unitless) parameter
calculated using Equation 1.4:

Qsy + Qpaw

SPF =
Epp + Epumps — Epvr

(1.4)

Where Qg is the heat supplied for space heating, Qppyy is the heat supplied
for hot water, Epp is the electricity consumption, Epps is the electricity con-
sumed by the pumps of the system, Epyr is the electricity produced by the
PVT panels.

It is worth to remember that both seasonal performance factor (SPF) and
coefficient of performance (COP) differ from each other. SPF represents the
mean season performance in a specific location, based on the mean outdoor
temperatures over a heating period. Indeed, The SPFsys simulation studies
vary widely depending on system configurations, sizing, loads and weather
conditions [80] and [81].

Whereas, the COP is a steady-state metric. That say the COP of a HP is
the same for different cities, whereas its SPF is different when the weather
conditions differ. Another difference between COP and SPF is that the COP
only is evaluated for heat production and electricity consumption by the heat
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pump itself. The SPF estimation comprises production and consumption by
auxiliary heaters (Quux and E,yx), electricity used to circulate the coolant loop
or outdoor air (Es,,) and to defrost ASHP systems (E Frost)-

Solar fraction (SF)

The solar fraction is a performance metric that indicates how much of the
energy demand is supplied by the solar heating system. It is typically ex-
pressed in term of percent of total load met and varies between 0% (no Solar
contribution) and 100% (all energy is supplied by the solar system). That is to
say, on winter days or days with inclement weather, the solar heating system
may meet none of the daily hot water demands, whereas on sunny days, the
system may save more energy than is required to satisfty 100% of the heating
needs [82].
The solar fraction of the system is calculated using Equation 1.5:

Eyp + Epumps — Epvr
Qs + Qpaw

SF=1- (1.5)
In case of IX-DSHP system, Qpxyp = 0 and Epxpp = 0.
In case of DX-DSHP system, Qwsyp = 0 and Eywgsyp = 0.

1.3 Part Two: Literature survey

The areas of building environment and energy consumption are important
research topics aimed at offering the best end products based on quality and
efficiency. Numerous numerical simulations, theoretical, and experimental
analyses are conducted on DX-SAHP and IX-SAHP systems separately to
optimize their efficiency.

This section presents a literature review on developments and advances of
solar assisted heat pump technology reported in past two decades with par-
ticular attention to the works with relevance to the current study in term of
the duality of energy sources, the categorizing of SAHP systems and solar
collectors.

1.3.1 Glance in history

Solar assisted heat pump (SAHP) systems have been a popular research topic
and evolved in the last two decades because this technology has proven its
performance in the area of building and energy consumption. The aim of the
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efforts and research works in the field is to contribute in the determination
of the appropriate type of SAHP systems in terms of performance, environ-

ment, structure and cost.

The idea of SAHP was first introduced in 1955 [21], and its significance
grew was in the 1970s driven by world energy crisis and interest in renew-
able technologies [66].

In United States, adoption of the strategy remained limited due to low elec-
tricity prices, high and lack of supports. The UK has seen gradual uptake of
SAHPs in coming years. Later, Europe countries have been leaders in SAHP
research and deployment, especially in countries like Finland, Sweden, Italy
[5]. Chinese scholars began to carry out experimental studies on the SAHP
manufactured by Hitachi in 1985 and then gradually conducted theoretical
research on SAHP [67]. China is now a global leader in SAHP innovation,

with remarkable efforts and research works in the field.

Indeed, investigations on SAHP systems gained a new era due to grow-
ing global interest in renewable energy and carbon reduction in earlier 2000s
affected by international agreements and treaties on climate. In 1987, the
Montreal protocol on substances depleting the Ozone layer such as chlo-
rofluorocarbons (CFCs) based refrigerants banned the use of R-12 refrigerant.
Montreal protocol is considered as the first environmental treaty, which led
to other initiatives like the Kyoto protocol which was adopted in 1997 and
become operational in 2005; and Paris agreement which was signed in 2016.
The final commitment approved at the COP21, took place in Paris in 2015,
was to hold the global warming increase below 2°C with an equivalent CO,

concentration of 450 ppm in the atmosphere by 2050.

1.3.2 A heat pump components

A heat pump cycle contains four main components in addition to the heat
transmitter fluid. As a summary, a number of papers is available in literature
investigating a heat pump system performance from the point of view heat
pump components to evaluate their performances.

With regard to evaporator, it is found that the coiled tubes embedded with
a specific refrigerant, installed on flat plate made of aluminium is the most
investigated type. When the plate is uncovered, this leads to the best choice
[83] and [54].

Concerning the compressor, the investigations were carried out on how the
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efficiency and speed of a compressor may affect refrigerant pressure and
heating temperature rise. Kuang et al. [84] found that the possibility to vary
speed compressor enhances COP of a HP. The conducted experimental study
on a DX-SAHP where the found that COP increases from 2.6 to 3.3. In term of
compressor life cycle and heat pump performance, Xu et al. [85] concluded
that a compressor should be set at low speed which results in higher perfor-
mance with low energy consumption mainly when both the solar radiation
and ambient temperature are high. In newly developed system, they found
that as the compressor speed decreases from 5000 r/min to 1500 r/min, the
COP increases in two different weather conditions. It increases from 5.89 to
7.36 in Nanjing (China) and from 5.59 to 7.09 in Hong Kong. These findings
are confirmed later by Huang et al. [86]. They found that the COP decreases
from 2.82 to 1.86 as the compressor speed varies between 20 and 80Hz.

As for the condenser, it is widely mentioned in literature that U-tube form of
a copper tube is the best installation in DWH applications as seen a previous
paragraph in this chapter. The studies on condenser design and performance
are based on water temperature, outdoor temperature, insulation of tank and
heat transfer. In addition, the efficiency of a compressor plays an important
role in heat gain by the condenser as pointed out by Chow et al. [62]. In
an experimental study on a DX-SAHP, the condenser heating capacity was
found to vary between 2.0 to 3.6 kW [87].

Two common used expansion valves in SAHP systems are thermostatic

type and electronic type. The former is used because of its simplicity and the
latter is recommended in case of weather conditions and ambient tempera-
ture fluctuations.
The use of refrigerants is restricted by international climate considerations
and protocols. The selection of refrigerants affects evaporation temperature,
which influence the coefficient of performance of a SAHP. Very few studies
comparing the performance of DX-SAHP using different refrigerants were
found in literature. Researchers test refrigerants under various conditions to
optimize heat transfer, mass flow rate, and energy consumption. A study
conducted by Chata et al. [88] investigated new refrigerants which were
commercially available at early 2000s as the main working fluid and refrig-
erant for SAHP systems. The analysed refrigerants were: R-134a. R-404a,
R-410a, and R-407c to identify the best suited refrigerant for SAHP applica-
tion in comparison to R-12 and R-22, which are banned refrigerants. Results
showed that SAHPs using R-134a had the best performance among the new
refrigerant. A comparison of refrigerants for a DX-SAHP system carried out
on some refrigerants in term of thermal performance and environmental im-
pact by Durate et al. [89] showed that the COP of R134a is the highest.
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1.3.3 Air source heat pump

ASHPs began gaining traction in residential use around the 1970s and have
become increasingly popular due to their energy efficiency and eco-friendliness.
Their appearance is very similar to traditional air conditioning outdoor units.
They are effective heating systems when compared to traditional heating
methods, such as gas boilers, due to their favourable ratio of energy con-
sumption to energy output [16]. An air-source heat pump is flexible to install
with low initial investment. Air-to-water heat pumps are widely used for
domestic hot water production and heating buildings [90]. They show better
performance than direct solar heat supply at low solar irradiance levels [91].
However, the drawback is that these systems become less efficient in very
low ambient temperatures due to high electricity consumption [92] [93]. The
majority of installed HPs providing space heating or DHW are air-to-water
HPs due to relatively low investment costs and simple installation for resi-
dential buildings [94], [95]. Karmann et al. [96] conducted a summary of pre-
vious works on the difference in thermal comfort between radiator heating
and full-air heating systems and concluded that radiator heating provides
better thermal comfort than full-air heating systems. Xiao et al. [22] arrived
at the same conclusion that the temperature and velocity distribution of in-
door air with air-to-water HP is more uniform and the thermal comfort is
better.

Advances in ASHP systems studies are to compensate the lack of efficiency
in low-temperature climates and to reduce electricity consumption. For ex-
ample, Wang et al. [97] make comparisons between three configurations of
ASHP systems. The findings are: photovoltaic-assisted-ASHP system has
the best techno-economic performance, with COP of around 3.75, but with
moderate cost and payback time. Solar-thermal-assisted ASHP system and
PVT-ASHP system have lower performance with mean COP of 2.90 and 3.03,
respectively. Moreover, PVT-ASHP system has the highest cost and longest

payback time, while solar-thermal-ASHP system has the lowest ones.

1.3.4 Water source heat pump

A WSHP integrates a HP with water as a source of heat. It can be multi-
functional used for DHW, space cooling and heating. The studies on SAHP
systems using WSHP are mainly due to compensate the lack encountered
with ASHP. The advantage is that it is characterized by the use of heat stored
in water in insufficient sunshine which results in energy saving [98]. Known

that water temperature in summer is lower than the ambient temperature
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and vice versa in winter, the efficiency of the heat pumps can be further im-
proved [99].

In addition, the heat pump works with higher performance because of

high temperature heat source with reduced heat loss [100]. Compared to
ASHPs, ambient temperature and weather conditions do not significantly in-
fluence the performances of WSHPs, the temperature of the water in the tank
fluctuates less than that of air [19] and the COP of a WSHP is higher than
that of an ASHP [98]. For example, Wang et al. [101], under experimental
conditions, have found that the COPs of PVT-WSHP heating mode and PVT-
water-air-source heat pump system heating mode are 3.18 and 2.53, which
are much higher than the COP of ASHP heating mode with 2.23.
The water-to-water HP technology is relatively economical, enables to use
the energy potential of water from different intakes and domestic water net-
works to generate renewable heat. The advantage is water networks are large
and widely available. [102].

1.3.5 SAHP systems

To address the limitation of ASHP systems and improve the overall perfor-
mances of heat pump systems, solar-assisted heat pumps (SAHP) systems
emerges as a promising solution that combines the advantages of the con-
ventional heat pump with the use of solar energy to improve its efficiency
and reduce its dependence on electricity [103]. SAHP systems are character-
ized by high evaporating temperature resulting in enhanced coefficients of
performance. This makes SAHP a practical solution at low ambient temper-
atures and the reason of many researches in last decades [104].

The SAHP is based on the transformation of the heat exchanger of the tra-
ditional heat pump by utilizing solar energy as the heat source, or combined
with other energy sources, to improve the coefficient of performance of the
heat pump [67].

With the use of SAHP, advantages can be addressed as the enhancement
of the performance of the technology and the improvement of solar radiation

use, thereby increasing its adoption in residential settings [66].

SAHP systems classification

According to the coupling mode of the solar collector and evaporator, the
SAHP system can be classified as direct-expansion solar-assisted heat pump

(DX-SAHP) system or indirect-expansion solar-assisted heat pump (IX-SAHP)
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[66].

In direct systems, the thermal collector plays the role of evaporator, where
the refrigerant circulates and absorbs heat directly from solar energy [68], [69]
and [70]. Wide spreading trend was observed in the SAHP research of early
2000s on the increasing interest in DX-SAHP systems. [16] .

In indirect systems, the collector and the evaporator are separated by a
heat exchanger [67]. Indirect expansion systems are more complex than di-
rect expansion systems and this limits their preferability. [53].

Dual-source heat pump systems

Given solar energy is the single thermal source of a SAHP system, its ther-
mal performance declines under worse weathering conditions, particularly
in low solar radiation availability [21], [73], [74] and [75]. The use of air am-
bient as a second heat source allows the heat pump working continuously
and in stable conditions. In such system, the heat necessary to evaporate the
refrigerant fluid is collected from solar energy in high solar radiation avail-
ability. In case of low or absence solar radiation, heat is absorbed from ambi-
ent air [105] and [106].

Zhang et al. [107] found that the coefficient of performance (COP) in the
becoming solar-air heat pump mode can be increased by 50% compared to
the air source heat pump mode. Consequently, dual source solar-air heat
pump (DSHP) systems have emerged, featuring two evaporators; one is de-
signed to capture solar thermal energy, while the other is utilized to collect
thermal energy from the surrounding air [76].

In literature, different configurations and settings of solar-air DSHP sys-
tems, including solar collectors, refrigerants, solar radiation and ambient
conditions effects have been studied. However, the studies were conducted
on the basis that the solar-air DSHP systems are categorized as, either direct-

expansion DSHP systems, or indirect-expansion DSHP systems.

In recent decades, the use of thermal and photovoltaic thermal solar col-
lectors with heat pumps has been widely employed for simultaneous cover-
age with heating, domestic hot water, and power generation in residential
buildings [108].
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Direct-expansion dual-source heat pump (DX-DSHP) systems

Almost all studies using DX-SAHP systems, investigated their energetic per-

formance for domestic hot water production purposes.

The solar collector/evaporator (SCE) in DX-DSHP system plays an im-

portant role in determining its performance. This latter is usually used as
bare without back insulation, which allows the refrigerant to be evaporated
by absorbing thermal energy from solar irradiation and air ambient simul-
taneously. With this kind of solar collector, solar heat collection is improved
due the absence of glazing which reduces solar radiation reflection and im-
proves consequently the system performance [53]. In addition, it prevents
heat loss so that heat is completely absorbed by the plate and transmitted to
the refrigerant [54].
Tagliafico et al. [109] compared the thermodynamic performance of a DX-
SAHP system with three solar collector configurations to satisfy domestic
hot water requirements. The annual primary energy savings achieved by the
system were 49.5%, 48.5% and 48% for unglazed, glazed and double-glazed
panels, respectively. The unglazed collector, the cheapest one, was the best
choice for the DX-SAHP.

Additionally, SAHP systems are designed in different configurations with
respect to the arrangement of solar thermal collectors and the evaporator
of the heat pump in a way that the solar collector is in series or in parallel
with the evaporator of the HP. It was found that series configuration yields
higher outlet temperatures, making it suitable for applications needing ele-
vated heat levels. However, parallel configuration offers better performance
with better flow distribution and lower pressure drops, which can improve
system stability and reduce pump energy. Cai et al. [110] investigated a
DX-DSHP system with a finned tube evaporator in series with a bare solar
collector. A COP of 2.71 is obtained under solar radiation of 100W/m? and
ambient temperature of 10°C. In parallel arrangement, the system works in
solar mode, air mode and solar-air mode. In solar mode, the evaporating
process undergoes in the SCE when the solar radiation is strong. In absence
of solar radiation, the system operates as a conventional ASHP. When the
solar radiation is low and the heat produced by the SCE is not enough to
evaporate the refrigerant, the AE completes the required heat and the system

works in solar-air mode. In another work, Cai et al. [111] compared three
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types of DSHP systems for DHW production, solar-air series heat pump (so-
lar before air type evaporator), solar-air parallel heat pump and air-solar se-
ries (air before solar type evaporator) heat pump. They have shown that the
tirst configuration is preferable in low solar irradiation, the second gives op-
timal performance at high ambient temperature or high solar irradiation and
the third is suitable in low ambient temperature and high solar irradiation.
In term of thermal performance under the same comparing weather data, the
COP of solar-air parallel source heat pump was the highest (4.50-4.58).

The meteorological conditions such as solar radiation and ambient tem-
perature are key parameters that affects a SAHP system performance. Kong
et al. [112] have found that when the solar radiation increases from 300 to
900W/m2, the COP rises from 4.1 to 6.0. Zheng et al. [113] studied the ef-
fect of varying solar irradiance on a solar-air SAHP system designed for hot
water supply. They proposed a dynamic operation method of control to en-
hance the solar collector heat collection. The thermal efficiency of the solar
collector was improved by 11.8% and the system COP by 8.3%. In an experi-
mental study performed on a DX-SAHP with a bare plate evaporator, Ji et al.
[114] found that the COP increases by 6.6 % when the ambient temperature
rises from 5 to 15°C.

Taking similar studies to the present work, that say with unglazed flat plate
collector and R134a refrigerant in DX-SAHP systems, the COPs were found
varying depending essentially on climatic conditions and collector area.
Hawlader et al. [115] found COPs ranging between 4 and 9 in Singapore to
attain 55°C of water temperature using 250 L tank with 3m? collector area.
Chyng et al. [116] found COPs ranging between 1.7 and 2.5 in Taiwan to
hot water up to 56°C water when using a collector area of 1.9m? . Moreno-
Rodriguez et al. [117] found COPs ranging between 1.7 and 2.9 in Madrid
necessary to hot water up to 51°C water using 300 L tank and 5.6 m? of col-
lector area. All these findings were simulated and experimentally agreed.
For large scale DX-SAHP of 12m? collector area and 1500L, Chow et al. [62]
found in a theoretical work COPs ranging between 6.5 and 10 in Hong Kong
to reach 50°C of DHW. Huang et al. [71] carried out laboratory experimental
investigation on the performance of a DX-SAHP using bare plate unglazed
and uninsulated collector-evaporator for space heating. When taking solar
irradiation 300 W/m? and indoor temperature 20°C, they found that COPs
vary from 2.12 to 2.26 as ambient temperature increses from 5°C to 15°C.
When they consider ambient temperature 15°C and indoor temperature 20°C
and they varied solar irradiation from 0 W/m2 to 500 W/m?, they found that
COPs of the DX-SAHP changes from 2.07 to 2.36.
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To verify the effect of collector area on COP, Kong et al. conducted two
separate experiments in the same city of Qingdao, on the east coast of China.
Both systems included tanks of similar capacity (200 L). Both achieved a max-
imum water temperature of 60°C. However, COPs ranged from 2.8 to 4.3 with
a collector area of 1.56 m?[118] and ranged from 3.6 to 5.6 with a collector area
of 2.1 m2[119].

The integration of photovoltaic thermal (PVT) collectors in DX-SAHP sys-
tems is for electricity production, although they reduce heat collection capac-
ity [63]. The PVT collector acts as the HP evaporator where the cooling fluid
circulates. This setup increases the energy output from the condenser lead-
ing to an increase in the HP COP [120].

Simulated results of a PVI-HP system developed by Xu et al. [85] show that
it can efficiently generate electricity and thermal energy to heat 150 L water
up to 50° C simultaneously in Nanjing and Hong Kong cities all-year-round.
COPs varied from 3.4 to 5.2. The system performance is enhanced in Hong
Kong because of the higher solar radiation and higher ambient air tempera-
ture over the year.

Li et al. [121] investigated a DX-DSHP system with PVT solar collectors and
air cooled evaporator. The COP under low weather conditions (0°C and 100
W /m?) was 4.76, which is 29.7% higher than that obtained by a single source
heat pump.

Indirect-expansion dual-source heat pump (IX-DSHP) systems

In IX-DSHP system, the heat produced by solar collector can be used for wa-
ter heating directly or serving as heat source for heat pump. Direct solar
heating (DSH) is the most effective way to exploit solar radiation. It does not
require any electrical energy consumption and reduces installation and op-
erating cost. Unfortunately, in cold and harsh climates, solar energy by itself

cannot guarantee a steady supply of heating.

The additional air evaporator is connected in parallel with water source
evaporator to exploit thermal energy of air ambient when solar radiation is
low and thus better performance is achieved. The main advantage of IX-
DSHP lies on its ability to work efficiently over all the year and under differ-
ent weather conditions.
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Within the IX-DSHP system classification, many efforts have been under-
taken on solar collector types to improve systems performances. For exam-
ple, Ma et al. [122] proposed an IX-DSHP domestic hot water supply system
with solar thermal collectors. The results show that the COP of ASHP is be-
tween 2.62 and 3.93 where the COP of solar-air dual source ASHP system is
between 2.76 and 6.26 and the solar fraction is between 8.83% and 45.51%
depending considerably on seasons. Li et al. [123] developed an IX-DSHP
system to supply space heating working in three modes, namely, direct solar
water heating, ASHP and HP taking heat from water heated by DSH. The
system showed better performance when working as WSHP with average
COP in heating season of 3.5. Whereas the average COP of ASHP is 3.0. A
solar fraction of 40.2% is obtained with energy saving rate of 66.4% and in-
vestment pay-back period of 6.5 years.

Indeed, there are three different configurations for IX-SAHP which are
parallel, dual and series. The arrangement of system components depends
on the application either space heating or DHW provision [124]. In space
heating application, the heat pump can be air-to-air or water-to-air heat pump
but, in DHW application, the heat pump can be air-to-water or water-to-
water heat pump.

In indirect parallel SAHP system, the ambient air is the heat source for

heat pump and solar energy is the heat source for an indirect solar system
which both work to meet the thermal energy demand separately. The con-
tiguration of this type depends on the application.[54]. A verified theoretical
model for a parallel IX-SAHP system for DHW production in Athens, Greece,
was designed and tested in two studies by Panaras et al. [125] [126]. The
COP found is 2.34 and the results confirm that 70% of energy savings could
be obtained by IX-SAHP compared to a conventional solar hot water system
combined with electrical resistance or a direct-fired heater.
According to the study of Yerdesh et al. [127], it was shown that parallel ar-
rangement system performance requires minimum solar irradiation for the
transmitter fluid temperature to ensure heating space permanently. They
conducted numerical simulations for severe climate conditions below - 30°C
and maximum solar radiation value of 500 W/m?2. They concluded that the
system cannot operate and the thermal storage tank holds the system opera-
tion out until reaching to adequate temperature.
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In indirect series SAHP system, the solar loop, heat pump, and applica-

tion are connected in series. In this case, the heat pump uses only solar en-
ergy as a heat source where the evaporator is connected, and the condenser
is connected to the application. The configuration of this type also depends
on the end-use.
Similarly, Tzivanidis et al. [128] performed a simulated comparison in term
of system performance between parallel and series IX-SAHP systems applied
in Athen, Greece. Between 2 and 9°C ambient temperature range and maxi-
mum solar irradiation of 600 W/m?, COP of parallel and series IX-SAHP was
3.94 and 4.06 respectively.

In indirect dual SAHP system, a dual-source HP includes two evapora-

tors. One connected to the solar source and the other connected to an ambient
air source which permits the HP to absorb heat from either source. Hence,
the weakness of the solar source is intended to be compensated by the air
source [129].
In a study carried out by Huan et al. [130] on a combined SAHP system that
can operate in serial or parallel modes, under spring conditions of Xi’an in
China, it was shown that parallel arrangement is more sensitive to solar radi-
ation availability. COPs of parallel IX-SAHP increased from 3.86 to 8.84 with
solar irradiation increasing from 580 W/m? to 840 W/ m2. However, COPs
of series IX-SAHP little increase from 3.94 to 4.06.

Tank temperature settings interact with weather conditions and solar ra-
diation intensity to influence overall system performance. Tank set temper-
ature increases water heating time and energy consumption since it requires
that the heat pump work longer, increasing thus compressor energy con-
sumption. Yang et al. [131] investigated the hot water set temperature in-
fluence on electricity consumption and system performance of an IX-DSHP
system for three cities in UK. The system is designed to supply hot water and
space heating. A percentage of 19.1% reduction was obtained in electricity
consumption and the same percentage was obtained seasonal performance
augmentation when temperature decreases from 55°C to 40°C.

Wang et al. [132] introduced ice tank to IX-DSHP system in addition to PVT
module, air heat exchanger and heat/cold storage tank. In winter, the latent
heat from water condensation in the tank is used as low-temperature heat
source supplying the heat pump. The ambient air was used as the auxiliary
thermal energy source. The energy supply system has maintained high per-
formance for long period under bad weather conditions in winter and sum-

mer. The seasonal performance factor of the system in winter and summer
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was 2.93 and 2.6, respectively.

With reference to studies on performance regarding ambient conditions, Ji
et al. [133] performed experimental study in laboratory on a series IX-SAHP
applicated for space heating along with a flat-plate collector supplies heating
in sufficient solar radiation and the HP evaporator supplies heating in insuf-
ficient irradiations. Taking indoor temperature and outdoor temperature at
20°C and 7°C respectively, it was found that as solar radiations vary from 0
to 500W/m?2, COPs vary 2.35 to 2.55.

Another innovative method for assisting IX-DSHP systems is the use of

PVT collectors, which combine heat and electricity production using PV cells
[134]. An intermediate heat exchanger already exists between the PVT col-
lector and the HP, which can be used as heat storage [120]. The use of PVT
collectors instead of thermal collectors improves the system performance by
reducing the dependency on electricity network.
Water-based PVT systems are favourable since the large thermal mass of wa-
ter tends to cool the PV modules and hence improve the efficiency of the
collector [135]. Wang et al. [98] developed a solar PVT dual heat source com-
posite heat pump system for hot water supply. The experimental setup is
based on a finned tube evaporator and a flat plate PVT collector combined
with the DSHP. The study achieved a COP of the DSHP greater than that
of the single heat source-operating mode. Aste et al. [136] have numeri-
cally studied the performance of a dual source PVI-SAHP system designed
to meet the building space heating and cooling and DHW production needs.
In one-year simulation, the obtained monthly average COP ranges between
3 and 4.8. Simonetti et al. [137] investigated numerically and experimentally
an integrated dual-source evaporator connected to PVT modules for DHW
production and space heating. The parametric simulation indicates that the
COP reaches 5.1 and it is 14% better than that of conventional ASHP. Besagni
et al. [138] have experimentally investigated a multifunctional and reversible
heat pump. The monthly average COP was between 2.97 and 3.08. Leonforte
et al. [139] explored experimentally the performance of a multifunctional
IX-DSHP system for different periods of the year in Milan, Italy. The sys-
tem includes a PVT collector connected to the DSHP. An increase in COP
of 28.4% was achieved in the dual-source mode compared to the simple air-
source mode. The thermal energy needed by the DHW storage tank has been
11.7% provided by the PVT panels in the heating mode with set-point 40°C in
the period from 10/01/2020 to 26/02/2020. The PVT electricity production
contribution rose to 83.1% in summer days.
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1.3.6 Conclusion of the survey

After this tour of works in connection with the present study and after sur-
veying the published researches in this direction, we come out with an obser-
vation that a research gap is identified in the literature. It consists of all the
works investigated the performance of a SAHP system as it is DX-SAHP or
IX-SAHP system separately. No work investigated a SAHP system as it may
wok in direct-expansion, in indirect-expansion and hybrid direct/indirect-

expansion modes, which this thesis aims to fill.

A recent comparative study performed on solar assisted heat pump sys-
tems by Sezen and Gungor [53] may flows in this direction when compar-
ing separate systems performance working separately but not as one sys-
tem. It was concluded that the ASHP is preferred as the solar radiation is
under 100m?, a DX-SAHP system is more efficient for solar radiation be-
low 400W /m? and an IX-DSHP system can perform better for solar radiation
ranging between 400 and 800 W/m?2. This is because DX-SAHP is known
by its ability to absorb heat from solar energy and air simultaneously below
400W/m?. Above this limit, the temperature of the SCE exceeds that of air
ambient and thus heat loss begins to occur. With IX-DSHP, the glazed solar
collector minimises heat loss to ambient air. Above 800 W/m?, a glazed solar

collector is able to supply sufficient heat demand directly.

Exception can be made to the work of Dai et al. [140] where an activation
of a hybrid mode of SAHP using both parallel IX-SAHP and DX-SAHP was
performed. The study concluded that, in winter conditions with solar irra-
diation of 350 W/m? and ambient temperature of 5 °C, a parallel IX-SAHP
can fulfil the requirement for heating process. However, in spring conditions
with solar irradiation of 600 W/m? and ambient temperature of 15 °C, a par-
allel IX-SAHP solar collector is able to rise the temperature of the refrigerant
to 32 °C, which is not sufficient for heating. So, a DX-SAHP was activated
which raised water temperature up to 50°C to fill the need.

Thus, the aim of this work is to investigate and compare the performances
of a DSHP system operating compositely or differently in direct, indirect and
direct/indirect modes to remedy the shortcoming identified in literature to
thoroughly explore the improvement of SAHP systems. The energy perfor-
mance of the new system is investigated using mathematical modelling and

simulation under TRNSYS environment.
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The new system configuration is developed by inserting a solar thermal
collector-evaporator in parallel with a water-source evaporator of an IX-DSHP
system. The system takes advantages and benefits from DX-DSHP system
and IX-DSHP system and it is expected to improve significantly the exploita-
tion of solar energy, increasing consequently its energy performance. From
the perspective of system size, the new system includes one condenser and
one air evaporator, rather than two condensers and two air evaporators needed
when using two separate systems. Therefore, it occupies less space. Obvi-
ously, this combination requires an appropriate control strategy to supply
necessary space heating and DHW energies continuously over all heating
period.

1.3.7 Motivation and Contribution

An optimal, energy efficient heat pump system still needs to be developed to
face escalating demand on these devices in response to global exigencies of
policies to find sustainable, friendly environmental and low-cost energies. In
this study, the advancements in heat pump systems are presented and sys-
tems parameters are taken into consideration to investigate the performance

of a novel hybrid heat pump system.

The system modelling consists of a performance study by mathematical
models using Matlab, including input parameters and heat transfer analysis,

and a simulation using TRNSYS software.

In the literature, no hybrid heat pump system taking into account the si-
multaneous direct and indirect expansion with modelling and performance

analysis is provided.

The main contribution of the proposed work is that it present a new heat
pump system which take advantages from to distinct systems found in lit-
erature and take benefits from dual energy sources to harness high available
heat. It will make a significant contribution in the research community. Be-
sides, the impact of using different solar thermal collectors and PVT panels
areas is discussed and the effect of set-point temperatures of water heating is
considered.

The output is that the system functioning in a direct and indirect mode
with dual solar-air energy source shows better coefficient of performance,

higher seasonal performance factor and explores more solar radiation. The
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performance directly relied to solar collector areas and it is economically vi-

able when taking global energy prices.

1.4 Conclusion

This chapter provides a general overview of the materials used in this study.
Useful definitions are provided, along with the operating principles of vari-
ous components and configurations. It begins with a basic heat pump cycle,
then discusses how an ASHP heat pump is replaced by a solar-assisted heat
pump to improve performance, primarily at night or during unfavourable

weather conditions.

We have shown that the heat pump used in the study is double heat
sources one, able to absorbs heat from air and water. The heat pump system
is photovoltaic/thermal and solar thermal assisted heat pump system. Two
categories of SAHP systems are discussed: direct-expansion and indirect-
expansion. We have mentioned that the present system is hybrid direct/indirect
system. Additionally, the SAHP system arrangement is discussed. Perfor-
mance indicators are defined and the equations used to determine them are

presented.

Next, a literature review is presented summarizing some works relevant
to the present study. After clarifying the issue, the motivation for the research
is identified, thus presenting the contribution of the thesis work.
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Chapter 2

System description and Simulation

procedure

2.1 Introduction

This chapter consists of three parts. The first presents the characteristics of
the studied building, followed by illustration of climatic conditions of the
city under study.

The second part illustrates the schematic of the newly developed system,
discusses its functions, and provides a flow-chart of the system operations
control.

The third part explains the mathematical and numerical simulation proce-
dure. It discusses the methods, software selection, and materials used in this
study. This part divides the procedure into three steps. First, the mathe-
matical modelling of the DX-SAHP using Matlab is explained. Second, the
details of the IX-DSHP simulation using TRNSYS are presented, along with
the software components (referred to as Types) necessary to build the SAHP
system. The third step involves combining these two steps to build the newly
developed DX/IX-SAHP system, which can operate in three modes.

2.2 Building characteristics

The building studied in this work is a single-family house of five occupants

consisting of three rooms, a living room and a kitchen, see Figure 2.1
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FIGURE 2.1: Building envelope design.

The building is situated in Djelfa. A city located in the highlands region of
Algeria with geographic coordinates 34.6874°N and 3.1860°E. This region is
known for its cold and arid micro-climate, and is considered as the coldest re-
gion of the country, which allows us to perform the simulation in the worse
weathering conditions of the country where the demand for space heating
and domestic hot water is high in cold season. The meteorological data of
the city were obtained from Meteonorm 8 [141]. Figure 2.2 represents the
average daily temperature of each month of the year. As shown, the city is
characterized by a long cold period (minimal of 6°C) and not very hot period
in summer (maximal of 29°C). Figure 2.3 represents monthly global radiation
in Djelfa city. As seen, the city has important solar radiation availability. The
monthly solar radiation varies between 90 and 230 kW /m?2. These meteoro-

logical conditions are suitable for installing efficient solar systems.
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FIGURE 2.2: Average daily temperature for each month in
Dijelfa city.
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FIGURE 2.3: Monthly global radiation in Djelfa city.
Under TRNSYS, the building is defined as Type 56 multi-zone building.
This component models the thermal behaviour of the building having con-

stitution and construction materials characteristics as indicated in Table 2.1.

TABLE 2.1: Building envelop characteristics

Surface Layout thickness (cm) U-value (W/m?.K)
Out-wall brick 15 0.42
insulation 8
Plaster 1.5
Ground Floor 0.5 0.53
Stone 0.6
Silence 0.4
Concrete 12
Insulation 6
Roof Concrete 24 0.23
Insulation 16
Windows Double glazing 1.1

The DHW water load in Figure 2.4 is established based on the hourly
daily consumption profile considering a daily hot water consumption of 250
litres. As expected, the highest hot water demand is at the times 07:00 PM,
between 07:00 AM and 08:00 AM and at mid-day to respond to occupants
needs. For example at 07:00 PM, the DHW consumption is 75 litres.
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FIGURE 2.4: Hourly-daily water consumption profile.

Figure 2.5 represents the hourly energy demand for space heating and
DHW of the building over the heating period. The total thermal energy of
heating demand and DHW for the whole period is estimated at 3691 kWh
and 747.5 kWh respectively. It is pointed out that the hourly peak loads for
heating is around 4.8 kW and the peak load for DHW is near 1.2 kW.
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FIGURE 2.5: Energy demand of the building over the heating
period.

2.3 System description

In this section, description and schematic illustration of the new system is
presented.

The system is designed to supply DHW and space heating for the con-
sidered building during all the heating period. Figure 2.6 shows the layout
of DX/IX-DSHP system. It consists of PVT solar collector, two storage tanks
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(TK1 and TK2) and a dual-source heat pump (DSHP) with a composite evap-
orator consisting of water evaporator (WE), air evaporator (AE), unglazed
solar collector evaporator (SCE), compressor (Comp), condenser (Cond) and
expansion valve (EV). The HP condenser is connected to the building and
TK2 using a circulating pump P3. The refrigerant selected in this study is
R134a for advantages that were discussed earlier in this thesis.

The system can work in three modes, namely DSM, ISM and both D/ISM
depending on the control functions. In DSM, the system operates as a direct-
expansion dual-source heat pump (DX-DSHP). The refrigerant absorbs heat
gained from SCE. The superheated vapour passes through compressor where
it becomes at high temperature and high pressure. In the condenser, the re-
frigerant vapour releases heat to become a saturated liquid. As it continues
to flow, the pressure of the liquid refrigerant is decreased at the expansion
valve. The cycle is repeated as the refrigerant enters the evaporator-collector.
The heat generated by the condenser is initially used to satisfy the energy
need of the building. Once the need is satisfied, the thermal energy is di-
rected towards water heating. In absence of solar radiation, AM is activated
and AE is used in place of SCE to evaporate the refrigerant by take in heat
from ambient air; therefore the system functions as an ASHP. In ISM, the
system works as an indirect-expansion dual-source heat pump (IX-DSHP).
The thermal energy acquired by PVT collector is initially used to provide
TK1, which in turn delivers hot water to the WE heat pump. The refriger-
ant evaporates by absorbing heat from hot water and the heat produced by
the condenser is used to supply space heating or DHW. Once TK1 set-point
temperature is attained, the surplus of heat from PVT is transferred to TK2
to produce DHW. In case of insufficient solar energy availability, the system
is activated in AM. In D/ISM, the thermal energy produced by direct solar
heating is used to satisfy the building heating demand. Simultaneously, the
thermal energy produced by PVT is stored in TK1 to supply the WE of the
HP; any surplus heat is directed to TK2 for DHW production. In absence
of solar radiation and during night hours, the heat stored in TK1 allows the
system to work in ISM in response to energy demand of the building.
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FIGURE 2.6: Schematic representation of the DX/IX-DSHP sys-
tem.

Figure 2.7 describes the overall operation strategy of the system in D/ISM
and its control functions. At available solar radiation, the system is running
in DSM to respond to space heating priority whenever the internal tempera-
ture of the building is below the set point of 20°C. If the space heating needs
are satisfied, the thermal energy is transferred to DHW needs (TK2) unless
the water temperature is greater than the set point of 50°C. Otherwise, when
DHW temperature exceeds 50°C, the system is turned off. Meanwhile, the
PVT collector is requested to supply the first storage tank (TK1) with thermal
energy since its temperature is under 40°C. When this set point is attained,
the heat provided by the PVT is transferred to TK2 for DHW production
(DSH). In absence of solar radiation, if the system working in DSM is un-
able to produce sufficient heat, the thermal energy previously stored in TK1
is supplied to WE and the system returns to ISM. This tank is designed to
supply WSHP under two joint conditions that say when TK1 temperature is
greater than 30°C and TK2 temperature is below 50°C. When water temper-
ature in TK1 drops under 30°C and there is a continued demand for heat,
the system activates in AM functioning as an ASHP. As heat requirement is
satisfied (indoor temperature is above 20°C and TK2 set point temperature is
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above 50°C), the ASHP is turned off. It is important to mention that the elec-
tricity produced by PVT collector operates the HP compressor along with the
circulating pumps.

- DSM
- ISM
= AM

DSH

Solar Radiation

FIGURE 2.7: A flow chart of operation control for the DX/IX-
DSHP system.

The heat pump cycle on P-H diagram for different operating modes is
shown in Figure 2.8. The composite evaporator (WE, AE and SCE) of the sys-
tem harnesses heat from different sources to evaporate the refrigerant (liquid-

to-vapour state). In absence of solar radiation, the system operates in AM,
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taking the ambient air as the heat source by mean of the AE. In high solar
radiation availability (DSM), the system extracts heat from solar directly by
mean of the SCE and operates with a much higher evaporating temperature.
In ISM, the WE of the heat pump extracts heat from hot water maintained at
a constant temperature in TK1. Note that the evaporating temperature ability
in ISM lies between that of AM and DSM.

Heat to water AM cycle
——  ISMcycle

J/

Pressure

Heat from air

Enthalpy

FIGURE 2.8: P-H diagram for different operating modes.

2.4 Modelling and dynamic simulation procedure

The procedure of modelling and simulation consists of three steps. In first
step, a mathematical model of a single-source direct-expansion solar assisted
heat pump (DX-SAHP) based on lumped and distributed parameters ap-
proach of different system components under MATLAB code is developed.
In a second step, a model of an indirect-expansion dual-source heat pump
(IX-DSHP) is developed under TRNSYS program. In a final step, a combi-
nation of the two models was conducted using TRNSYS leading to the final
model of the system able to work in three modes.

The detailed procedure of modelling and simulation is discussed in the

following paragraphs.

24.1 Direct-expansion solar assisted heat pump modelling

The DX-SAHP system is dynamically simulated through a developed math-
ematical model under MATLAB with 60s time-step. Ambient temperature,
network water temperature and wind speed are taken 20°C, 15°C and 3.1m/s
respectively. The components models are bare solar collector-evaporator,
compressor, condenser and expansion valve. The Specifications of the DX-
SAHP system components are listed in Table 2.2.
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TABLE 2.2: Specifications of the DX-SAHP system components

Component Property Value
Collector-evaporator Area 4.2 (m?)
Thermal conductivity 236 (W/m.K)
Thickness of collector plate 0.004 (m)
External diameter of the pipes 0.0094 (m)
Distance between the pipes 0.04 (m)
Absorptivity of the plate 0.9 (-)
Emissivity 0.1(-)
Compressor Compressor efficiency 0.75
Rotational speed 2830 (tr/min)
Volumetric efficiency 0.91 (%)
Displacement volume 13.4 (cm3 /rev)
Condenser Length of serpentine 60 (m)
Thermal conductivity 398 (W/m.K)
External diameter of serpentine 0.0095 (m)
Internal diameter of serpentine 0.0077 (m)
Expansion valve Orifice cross-sectional area 2 (mm?)
Storage tank Capacity 500L

Thermodynamic properties of R134a refrigerant for different tempera-
tures and pressure are taken from REFPROP7 [142]. Values are listed in Ap-
pendix.

Mathematical models of the different system components are developed

by taking into account some assumptions:

¢ thermal and physical properties are used at steady-state conditions,

¢ the small pressure losses in the collector-evaporator and pipes are ig-

nored,

¢ the refrigerant vapour at the collector-evaporator outlet is considered

as a saturated vapour.

Solar collector model

A bare flat plate collector in pure aluminium, known for its good thermal
conductivity, high ductility properties and low price [143], without back in-
sulation is used in the DX-SAHP system, which is able to absorb heat from
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both solar energy and air ambient and plays the role of a refrigerant evapo-
rator simultaneously. The saturated liquid refrigerant entering the collector-
evaporator passes to a liquid-vapour phase inside. At the outlet of the collector-
evaporator, a superheat degree of 10°C is considered. The useful heat gain of

solar collector /evaporator is evaluated using Equation 2.1 [144] and [112]:
Qcoll = AC-F/~[S - uL~(Trm - Ta] (2.1)

Where, A, is the solar collector-evaporator area, F' is the collector efficiency
factor given as follows [145]:

d
F :F+(1_F)'(E) (2.2)
tan(Uy)
F = 2.
i 23)
W= d UL
U, = > \%s (2.4)
S, is a symbol calculated as:
S=0.I—-¢€qp (2.5)
and,
g0 =Ty — oo (2.6)

Where, 0 is the absorptivity of the collector plate, I is the solar radiation in-
tensity on the collector plate, € is the emissivity of the collector plate, gg is
the difference between the emissive power per unit area from a black body
at the ambient air temperature and the emissive power from the sky, ¢ is the
Stefan-Boltzmann constant with the value of 5.67 x 108 Wm_ZK‘L,qoo is the
sky radiation, w is the distance between the pipes, d is the external diame-
ter of the pipe and F is the efficiency of fins, U} is a dimensionless number,
k and ¢ are the thermal conductivity and the thickness of the collector plate
respectively. The symbol U} is expressed as:

Up = o+ 4e.E.T° (2.7)

Where, « is the convective heat transfer coefficient, T, is the ambient tem-
perature and T;;, is the average temperature of the refrigerant at the solar
collector-evaporator. The refrigerant heat gain at the solar collector level is
given by:

Qr = 1ty (hout,sCE — Min,sCE) (2.8)
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The mean refrigerant temperature T;,, using Equation 2.9:
Qeott = Ac.F.[S — Up(Tym — Ta)] = rity(hout,scE — hin,scE) (2.9)
Where, 11, is the refrigerant mass flow rate, h,,; scg and h;, scg are the outlet

and the inlet enthalpy of solar collector evaporator.

Compressor model

For a small-scaled rotary-type and hermetic compressor, the refrigerant mass

flow rate ri1, is given as [146]:

N9V,

i, = 2.10
T 60 Ve (2.10)

Where, N is the compressor rotational speed, Vs, is the specific volume of
the refrigerant at the inlet of the compressor, ¢ is the volumetric efficiency of
the compressor, and V} is the displacement volume rate of the compressor.
Neglecting the pressure drop at the inlet and outlet of the compressor, the
electrical power consumption of the compressor can be determined using
Equation 2.11 [147]:

. PsycVisuce k Pdis k-1
= 1,. . . =1 2.11
Heom k—1 Psuc) ] ( )

Where, Py, and Py are the suction pressure and discharge pressure of the
compressor, Hcom is the total efficiency of the compressor, and k is the poly-

tropic index of the refrigerant fluid.

Condenser model

Assuming perfect heat transfer between the refrigerant and water, the heat
released by the refrigerant across the condenser is equivalent to that ab-
sorbed by water. The heat gain in the condenser can be calculated using
Equation 2.12 [148]:

Qcond = mr-(hin,cond - hout,cond) (2~12)
And,
dT
Qeont = My Ciy.— = (213)

Water temperature with respect-to-time is calculated using Equation 2.14:

_ Qcond 1

Tout,cond - MW CW

+ Tin,cond (2~14)
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Where, Myy is the mass of water , Cyy is the specific heat of water, Ty is the
water temperature, f is the heating time, h;, cong and hg,¢ conq are the enthalpy
at the inlet and the outlet of the condenser respectively and T;, ¢o,4 is water

temperature at the inlet of condenser or the DHW tank temperature.

Expansion valve model

A thermostatic expansion valve is widely used for the SAHP system, which
maintains constant superheat at the inlet of the compressor by regulating
the mass flow rate of refrigerant [44], [54], [115] and [117] . The throttling
process within the expansion valve is assumed to be isenthalpic; therefore,
the thermodynamic equation of a thermostatic expansion valve is expressed
as in Equation 2.15:

hy = h3 (2.15)

where hy and h3 in (J/kg) represent the specific enthalpies of the circulating
fluid at the inlet and outlet of the thermal expansion valve, respectively [112]
and [149] .

The flow-chart of the DX-SAHP model is outlined in Figure 2.9. Mathe-
matical equations are solved using a developed MATLAB program, taking
into account the interactions between various system components models.

The calculations sequence is as follows:

* read the program’s data: meteorological and structural parameters,
¢ assume the evaporation and condensation pressures,
* calculate the compressor work and mass flow rate,

* calculate the solar collector evaporator heat gain and the average refrig-

erant temperature,

* compare the refrigerant temperatures (T},;) and evaporation tempera-

ture (Tevap),

e if the absolute value between T,,, and Tevap is greater than the degree of

super-heating (AT), correct the evaporation pressure,

¢ Otherwise, calculate the condenser heat gain and the tank water tem-

perature,

* If water temperature in the tank is below the target temperature, in-

crease the time step until the required temperature is reached.
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FIGURE 2.9: Mathematical modelling flow chart of DX-SAHP
system.

2.4.2 Indirect-expansion solar-air dual source heat pump mod-
elling
The simulation of the IX-DSHP system was performed using TRNSYS. TRN-

SYS is a transient system simulation program with a modular structure that

was designed to solve complex energy systems problems by breaking the
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problem down into a series of smaller components known as Types [24]. It
is a well-recognized tool simulation program internationally [122] offering a
wide library of validated component models. The high flexibility of TRNSYS
allows users to customize existing components, interacted them with other
software like Matlab and compile own components [150]. Dynamic mod-
elling approaches enable modelling of the physical characteristics of heat
pumps; hence, the simulated results are in agreement with the measured
data [151].

Figure 2.10 illustrates the TRNSYS model of indirect-dual source heat
pump system assisted by PVT panels.
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FIGURE 2.10: The TRNSYS modelling of IX-DSHP system.

An ASHP (Type 941) and a WSHP (Type 927) are used to simulate the
operation of DSHP, as the duality is not available in TRNSYS library. The
other components are PVT panels (Type 50), two storage tanks, one for sup-
plying WSHP (Type 158) and the other for DHW (Type 534). Each of these
components are modelled under TRNSYS as detailed below.
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PVT collector

The PVT model is a combined of photovoltaic and thermal solar collector by
adding a PV module to the standard flat-plate collector. Table 2.3 summarizes
PVT collector (Type 50) characteristics.

TABLE 2.3: PVT collector Type 50 characteristics

Characteristic/Property Value Unit
Collector area - m?
Collector fin efficiency factor 0.96
Fluid thermal capacitance 419 KkJ/kg.°K
Collector plate absorptance 0.92
Transmittance absorbtance product 0.9
Number of glass covers 1
Collector plate emittance 0.09
Collector slope 45 degrees

Temperature coefficient of PV cell efficiency 0.0032 1/K
Temperature for cell reference efficiency 25 °C

The PVT collector model used was established based on the mathematical
model presented by Fudholi et al. [152] and Xia et al. [153]. The useful
heat gain, the electricity generation of the PVT collector and the outlet water
temperature from the PVT collector can be calculated using Equation 2.16,
Equation 2.17 and Equation 2.18 respectively.

Qprvr = N-ApyT.Ge (2.16)
EpVT = Gt.i’]pv.ApVT.(T.(X)pv (2.17)
Tout,pvr = M + Tin,pvr (2.18)

tipyr.Cp

Instantaneous thermal efficiency and electrical efficiency of the PVT collector
are computed using Equation 2.19 and Equation 2.20, respectively.

T, — T
Nen = a1.Frr-(Ta) py — aZ-uL,r-PR,r-(mTtamb) (2.19)

npy = 1y.(1 —az.¢.(Tc — T;)) (2.20)

Where, 71 is the efficiency, A, is the area of the PVT collector, G is the inci-
dent solar radiation on the PVT collector, (7a)py is the product of the trans-
mittance and absorptance of the PV cell, T is the temperature, nipyt is the

circulating water flow rate through the PVT collector, Cp is the specific heat
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of the circulating water, a4; and a3 are the model parameters, Fr , is the heat
removal efficiency factor, U , is the overall loss coefficient, ¢ is the temper-
ature coefficient and the subscripts th, pv, in, amb, c,r and out are thermal,

photovoltaic, inlet, ambient, cell, reference and outlet respectively.

Air-to-water heat pump

The air-to-water heat pump is a heating device of type 941 in TRNSYS library.
The heating capacity and heating power of the heat pump were specified as
8kW and 1.7 kW respectively. The component allows entering source water
temperature and entering air temperature to the HP. The amount of thermal
energy provided by the heat pump is defined as:

QASHP - QHP - Pcomp (2.21)

Where Qaspp is the heating power of the heat pump and Peypp is the com-
pressor power. The state of the air exiting the evaporator is determined as

follows:

Qmup
hcond,out = hcand,in + = (2~22)

air

The COP of the heat pump is calculated using Equation 2.23:
Qnup

Pcomp

COP = (2.23)

Water-to-water heat pump

The water-to-water heat pump used in simulation is a normalized one of
Type 927 in TRNSYS library. The heating capacity and heating power of the
heat pump were specified as 8kW and 2.5 kW respectively. The component
allows entering water temperature from the source and entering load wa-
ter temperature and returns COP as in Equation 2.24, Tsourceout as in Equa-

tion 2.25 and Tjy4 oyt @s in Equation 2.26:

Ca ;
COp = —2Pheating (2.24)
Pheating
Tsource,out = Tsource,in - Qabgo;b (2.25)
source-“P,source
Capheati
Tload,out = Tload,in - s (2-26)

mload-CP,load

Where, Cappeating is HP heating capacity, Pheating is HP power consumption.

The amount of energy absorbed from the source fluid stream in heating is
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given by Equation 2.27:
Q;zbsorb = Capheating - Pheating (2.27)

Thermal storage tanks

Tank 1 is a heat storage tank specified of Type 158 in TRNSYS library. Tank
2 is used for direct DHW production and space heating specified of Type
534 in TRNSYS library. It is a cylindrical tank with immersed heat exchanger
type. Both tanks are of 1m3 volume storage with vertical configuration where
thermal losses are assumed to be from the top, bottom and edges. For both
tanks, the problem breaks down into the solution of the differential equation

in Equation 2.28:
thank _ Qin,tank - Qout,ttmk
dt Ctank

(2.28)

Validation of the models
Validation of the DX-SAHP model

To verify the developed DX-SAHP system model, the simulation results were
compared with the experimental results of Ji et al. [114] taking similar condi-
tions.

TABLE 2.4: Specifications of the DX-SAHP system components

Component Experimental work  Present model

Collector-evaporator

Type bare-plate unglazed bare-plate unglazed
Area 4m? 4.2m?

Material Aluminium Aluminium
Compressor

Efficiency 0.75 0.75

Indoor temperature  20°C 20°C

Water temperature 15°C 15°C

Storage tank

Capacity 500L 500L

The simulation results are in good agreement with the experimental re-
sults. Indeed, with the increase in solar radiation from 100 to 500 W /m?2, the
COP increases from 2.01 to 2.40 in the present model and increased from 2.06
to 2.36 in the experimental work.
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Validation of the IX-DSHP model

As discussed above in paragraph 2.4.2, TRNsys is a well-recognized tool sim-
ulation program internationally offering a wide library of validated com-
ponent models. Furthermore, the present model of IX-DSHP developed in
this study is compared to other similar studies of PVT dual sloar-air source
SAHP working in indirect-expansion mode. The coefficient of performance
obtained in the currecnt study is 2.63 which is seen lies in the same range of
COPs obtained in numerical and/or experimental other studies as shown in
Table 2.5.

TABLE 2.5: Comparative studies on IX-DSHP

Author Study Application COP Data type
Aste et al. [136] numerical DHW, SH/SC month. av. 3 to 4.8 l-year sim-
ulation
Simonetti et al. [137] num. and exp. water heating 2.0to 5.5 parametric
simulations
Besagni et al. [138]  experimental DHW, SH/SC month. av. 2.47 t0 3.75 1-year ex-
periment
Wang et al. [154] experimental water heating 2.49 to 3.54 1-month
experiment
Quetal. [155] experimental water heating 2.63 to 5.05 1-day simu-
lation

24.3 Coupling Mathematical model and TRNSYS model

After being developed, the two models of the DX-SAHP system and the
IX-DSHP system are coupled under one TRNSYS environment. The final
model of the new system abbreviated as DX/IX-DSHP system is shown in
Figure 2.11.

The heat released by refrigerant at condenser level of the DXHP and tem-
perature of returned water from TK2 are used to calculate the outlet temper-

ature of water at each time step.
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FIGURE 2.11: The TRNSYS modelling of DX/IX-DSHP system.

2.5 Conclusion

This chapter highlights essentially the procedure of numerical modelling us-
ing Matlab software and dynamic simulation with TRNSYS transient system

simulation program.

It starts by the description of the building under study accompanied with
climatic conditions of the city of Djelfa. The hourly needs of the occupants
for DHW for a day is shown and then the energy demand for space heating

and DHW production is discussed with corresponding curves.

In a next stage, the schematic representation of the DX/IX-SAHP system

is shown jointly with the control strategies chart.

To simply explain the procedure of modelling and simulation, it is di-
vided into three succeeded steps. Firstly, the Matlab model for the DXHP
system, secondly, the TRNSYS model for the IX-SAHP system and finally,
the coupled TRNSYS-Matlab model for the whole DX/IX-SAHP system.
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Chapter 3

Results and discussions

3.1 Introduction

This chapter is dedicated to point out and discuss simulation results of the
presented system in a bid to show its consistency to operate continuously
at different weather conditions for all the heating period. Simulation of the
coupled TRNSYS-Matlab model was carried out in the different modes. For
each time step, weather data, DHW and building load profiles are required
as model inputs for each iteration.

Preliminary simulations were carried out in order to design the system for
changing operating modes and variable PVT areas with the aim to satisfy the
building demand. It was observed that the DSM requires a larger TK2 storage
volume to meet the demand while in the other modes; the storage volume of
TK2 is directly linked to the PVT area. The larger the area of the PVT, the
smaller the storage volume of TK2 is needed. Therefore, in the simulations,
the system is configured using a PVT area of 8 m? and TK1 and TK2 volumes

of 0.3m% and 1.5m?> respectively.

3.2 Daily results

In order to highlight the system ability to operate in different modes, hourly
electrical consumption and thermal energy supplied by the system are ex-

plored in a typical sunny day.

In AM, Figure 3.1, the system acts as a conventional ASHP, taking heat
from ambient air, ensuring the total thermal energy required to maintain the
building within thermal comfort and DHW provision. The inconvenient in
this mode is that an ASHP is known by its high electricity consumption
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FIGURE 3.1: A typical day thermal energy supplied and electri-
cal energy consumed in AM.

In DSM, Figure 3.2, the DXHP is on at around 07:00 AM because it can
absorb heat directly from low solar radiation and ambient air, but it turns
off near 07:00 PM as the solar radiation is not available and there is no heat
storage in this mode. Therefore, the ASHP is activated to ensure the required
thermal energy. It is worth noting that the electrical energy consumption in
DSM mode is reduced compared to ISM.
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FIGURE 3.2: A typical day thermal energy supplied and electri-
cal energy consumed in DSM.

In ISM, as seen in Figure 3.3, the heat is supplied by the ASHP at night and
early day hours. When the thermal energy in the storage tank is sufficient,
the WSHP turns on from around 09:00 AM to 09:00 PM. Afterwards, ASHP
turns on, ensuring heat supply in the remaining hours of the day.
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FIGURE 3.3: A typical day thermal energy supplied and electri-
cal energy consumed in ISM.

The D/ISM combines the advantages of the two other modes. It has the
thermal storage possibility, the direct solar heating and the ability to harness
low solar radiation, as seen in Figure 3.4. The ASHP supplies heat in early
day hours only whereas in the rest of the day heat is provided by solar ther-

mal energy, which results in an important reduction in electricity consump-
tion.

3.5

Thermal or electrical energy (kWh)

Time (hour)

FIGURE 3.4: A typical day thermal energy supplied and electri-
cal energy consumed in D/ISM.

3.3 The whole heating period results

3.3.1 System design

It is worth to remember that the system is designed with a SCE of 2m? area,
a PVT area of 8 m2. As well, in order to ensure the required thermal energy
for the building, an ASHP of 8kW and a WSHP of 8kW are considered.
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3.3.2 Temperature profiles with supplied and consumed en-
ergies

Figure 3.5 highlights temperature profiles with supplied and consumed en-
ergies by the ASHP and pumps across the heating period. It is clear that both
set-points of 20°C (T, in the label of the curve) for space heating and 45°C
for DHW (Tppw) are guaranteed throughout heating period by the ASHP
alone, without any contribution of solar radiation.
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FIGURE 3.5: Temperature profiles with supplied and consumed
energies by ASHP and pumps.

3.3.3 Thermal energy supplied by the system

This section depicts the thermal energy supplied in the different modes. In
case of DSM, Figure 3.6, it is observed in the histograms that much amount
of thermal energy is provided by the ASHP. The daily heat production of the
ASHP attains a maximum of 100kWh. The low heat production with DSM is
explained by the small area of the unglazed solar collector.
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FIGURE 3.6: Thermal energy supplied by the system in DSM.
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In ISM, as shown in Figure 3.7, an important part of required thermal
energy is provided by the WSHP with a peak of 80 kWh. This is because of
larger area of the PVT collector and the use of thermal storage tank, which
allows the system to exploit more solar energy. Any surplus of heat produced
by PVT collectors is supplied directly for DHW production. Consequently,
the contribution of ASHP is less important.

Thermal energy (kWh)
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Time (day)

FIGURE 3.7: Thermal energy supplied by the system in ISM.

In D/ISM, as seen in Figure 3.8, heat supplied by ASHP is the lowest
compared to other modes, which confirms the high ability of the system in
this mode to exploit solar energy since heat is supplied in direct and indirect
modes. It is important to notice that although the system produces less ther-
mal energy than other modes, it meets the building energy demand thanks

to the simultaneous working modes.
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FIGURE 3.8: Thermal energy supplied by the system in D/ISM.
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3.3.4 Electrical energy

The histograms in Figure 3.9, Figure 3.10 and Figure 3.11 represent the elec-
trical energy consumed by the system in different modes during the heating
period.

The highest power consumption is registered is DSM as a great part of heat
required is provided by the ASHP, as seen in Figure 3.9. The electrical con-
sumption attains 40 kWh.
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FIGURE 3.9: Electrical energy consumption in DSM.

The ISM is characterized by the simultaneous electrical consumption of
the ASHP and the WSHP due to their both contribution in thermal energy
production as seen in Figure 3.9. The electrical consumption of ASHP in ISM
is less than that consumed in case of DSM, even it exceeds 30 kWh. This is
owing to high working time of WSHDP, and it is additionally explained by the
great contribution of PVT and solar collectors in heat production which tends
to increase heat pump evaporating temperature, lowering thus its electricity
consumption.
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FIGURE 3.10: Electrical energy consumption in ISM.
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The lowest electrical energy consumption is observed in D/ISM because
the heat generated by PVT and unglazed solar collectors significantly con-
tribute in increasing the evaporation temperature of the heat pump, thereby
reducing its heat consumption, as shown in Figure 3.11. The consumption of
electrical energy is high by WSHP, medium by ASHP and low by DXHP.
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FIGURE 3.11: Electrical energy consumption in D/ISM.

3.3.5 Performance indicators
Coefficient of performance (COP)

Figure 3.12, Figure 3.13 and Figure 3.14 show daily changes in COP of the
system in three modes across the heating period. Figure 3.12 shows that the
COP in DSM is higher if compared to AM. It locally exceeds 7.0, while the
maximum COP value in the AM mode is below 4.0. This is because the SEC
directly absorbs heat, resulting in a higher evaporation temperature of the
refrigerant, which reduces power consumption.
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FIGURE 3.12: Coefficients of performance of the system in
DSM.
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In Figure 3.13, it can be seen that the COP in ISM is almost better than the
COP in AM exceeding 4.0, which justifies the contribution of heat produced
by PVT collector in reducing the electrical energy consumption of WSHP.
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FIGURE 3.13: Coefficients of performance of the system in ISM.

As expected, the COP in D/ISM is the highest as illustrated in Figure 3.14
evidenced by low electrical energy consumption compared to DSM and ISM.

The COP of the new system still high exceeding 6.0 in case of DSM. The
COP of ISM is around 3.0 and the COP of AM is between 2.0 and 3.0.
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FIGURE 3.14: Coefficients of performance of the system in
D/ISM.

Seasonal performance factor (SPF)

In relation with seasonal performance factor, the D/ISM of the system presents
a notable improvement in comparison to two other modes.

Although the high COP, the worse results in SPF were recorded with DSM
(around 2.0) as shown in Figure 3.15. This is mainly due to high electrical
energy consumption of the heat pump in AM in one hand and the absence
PVT electricity production in other hand.
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FIGURE 3.15: Seasonal performance factor of the system in
DSM.

The SPF in ISM mode turns around 5.0, as shown in Figure 3.16. This
improved SPF is achieved thanks to PVT electrical energy production.
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FIGURE 3.16: Seasonal performance factor of the system in ISM.

As shown in Figure 3.17, the SPF of the system running in D/ISM is high
in most days ranging between 5.0 and 40. This is due to low electrical en-
ergy consumption in DSM and ISM modes and the contribution of PVT in
electrical energy production. Concretely, this means that in winter months
of the city of Djelfa, the around-season performance, based on the mean out-
door temperatures varies between 5.0 and 40 and considering the totality of

system components consumption like pumps and auxiliary devices.
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Solar fraction (SF)

D/ISM.

In addition to the contribution of the new system in improving the SPF, fol-

lowing results depict analogous behaviour regarding solar fraction. That say,

the D/ISM discloses significant improvement in term of SE.

In a comparison between the three modes, Figure 3.18 shows that the SF in

DSM does not surpass 50% which practically means that the solar system

covers less than fifty percent of thermal energy needs, even much more less

in particular days.
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FIGURE 3.18: Solar fraction of the system in DSM.

Figure 3.19 shows that the SF in ISM ranges from 10% to 100% depending
on heating period days.
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FIGURE 3.19: Solar fraction of the system in ISM.

The SF of the system in D/ISM is significantly improved since solar en-
ergy provides the majority of the required electrical and thermal energy. Fig-
ure 3.20 outlines that the SF remains all the time higher than 50% during the
whole heating demand period and it occasionally rises to 100%. Tangibly,
this is interpretable by that the solar system (solar thermal and PVT collec-
tors) contribute efficiently in thermal energy needed by the heat pumps and
the building and in electrical energy needed to run the heat pumps. Attain-
ing 100% means that the system covers the totality of required energy and
it is totally independent on auxiliary energy and public electricity grid. The
system at least covers, by renewable energy, fifty percent of both building

heating and components running needs, which is a high achievement in heat

pump technology.
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FIGURE 3.20: Solar fraction of the system in D/ISM.
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3.4 Total results

3.4.1 Heat supply and electricity consumption and produc-
tion

Table 3.1 summarizes the total energy and performance results of the system
running in different modes throughout the heating period. The effect of AM
is introduced as well for comparative reasons.

The total heat supply represents the sum of heat produced by heat pumps
and direct solar heating. It is 5176.98 kWh, 5019.25 kWh and 5041.11 kWh in
DSM, ISM and D/ISM respectively. The similarity of these findings depicts
in same time that the design of the novel system works well whatever be the
mode and that the heat demand of the application (DWH and SH) are in this
range.

The corresponding electrical consumptions are 2242.63 kWh, 1625.43 kWh
and 1374.53 kWh. It is apparent that in D/ISM the system consumes the
lowest electrical energy. This is because in addition to the electrical energy
produced by PVT, the direct solar produces thermal energy by PVT and SCE
and it is stored in the tanks with an amount of 2639.23 kWh.

In DSM, the SCE is the component generating thermal energy as the system
operates like a DX-SAHP system. The generation of thermal energy (Qscg)
reaches 1175. 48 kWh. In ISM, PVT panels generate thermal energy of is 1762.
36 kWh (Qpy ). A portion of this thermal energy is used for directly heating
domestic water (Qpsy) with 977. 03 kWh. The thermal energy supplied in
D/ISM is shared between the SCE and PVT panels, providing 780. 06 kWh
and 1859. 17 kWh, respectively where direct solar heating achieves a total of
1313 kWh.

As well as thermal energy, PVT panels produce electrical energy. They gen-
erate 875 kWH of electrical energy (Epyr) in ISM. When the system operates
in D/ISM, the generation of electrical energy is 817 kWh.

From the total results above, the system in D/ISM achieves better yields,
which are explained by best performance indicators. The COP in D/ISM
reaches 2.89, which is the highest, followed by that of ISM (2.63) and then
DSM (2.37). The SPF of the system working in D/ISM is also the highest
reaching 9.19 followed by that of ISM (6.23) and DSM (3.76). The SF in D/ISM
is 63% followed by ISM and then DSM at 51% and 29% for each respectively.
When comparing the air mode to the other modes, it is clear that all solar run-
ning modes have significantly better system performance than the former.
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TABLE 3.1: Total results
Energy (kWh)
or Performance AM DSM ISM  D/ISM
Heat supply ASHP 5091 4218.57 284891 224597
DXHP - 958.41 - 605.62
WSHP - - 1193.31 876.52
DSH - - 977.03 1313
Total 5091 5176.98 5019.25 5041.11
Electricity consumption ASHP 2080 194258 1197.63 933.11
DXHP - 201.29 - 126.53
WSHP - - 336.43  229.26
Pumps 99.1 98.76 9137  85.63
Total 2179.1 2242.63 1625.43 1374.53
Solar heat production PVT to TK1 - - 785.33  546.17
PVT to TK2 - - 977.03 1313
SCE - 1175.48 - 780.06
Total - 1175.48 1762.36 2639.23
PVT electricity production 875 817
Heat absorbed by ASHP 3800 3715.81 2611.82 2069.02
COP (-) ASHP 2.11 217 2.38 241
DXHP - 4.76 - 4.79
WSHP - - 3.55 3.82
System 2.11 241 2.63 2.89
SPF (-) 2.01 3.76 6.23 9.19
SF (%) - 29 51 63

To more demonstrate the distinct functions of the two types of solar pan-

els, SCE and PVT, in the new system, the histograms presented in Figure 3.21

depict the contribution of each of them in three modes related to the provi-

sion of thermal and electrical energy.
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FIGURE 3.21: Illustration of SCE and PVT contribution in dif-
ferent modes.

3.4.2 Comparison between ISM and D/ISM in term of COP

Following the order of performance seen in the last section, where results
grades D/ISM as the most efficient one followed by ISM and then DSM. It
is now to confirm furthermore that the D/ISM surpasses ISM largely. Fig-
ure 3.22, Figure 3.23 and Figure 3.24 outlines additional performance indica-
tors comparison when the system operates in ISM or in D/ISM taking into
consideration the total heat collection area . The total HCA is represented by
a line segment connecting the two modes. Noting that the system in D/ISM
has an extra-heat collection area of 2m? SCE. The total heat collection area
means simply the sum of PVT panels area and SCE area. The SCE area is
unique equals 2m? but PVT panels area is incremented from 2m? to 20m?2. For
instance, when the PVT area is 4m?, the total heat collection area becomes
6m?in D/ISM (4m? PVT area plus 2m? SCE area) .

As shown in Figure 3.22, for the same HCA the COP in D/ISM is always
better than in ISM. For example, when the HCA is 4m?, the COP is 2.63 in
D/ISM and 2.39 in ISM. It is observed that difference between COPs of the
two modes decreases with the increase in HCA area. For example, for 4m?
PVT area the difference in COP is 0.24 and becomes 0.11 for 18m?.
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FIGURE 3.22: Comparison between ISM and D/ISM in term of
COP.

Regarding SPF and SF comparison between D/ISM and ISM when con-
sidering total heat collection area, as illustrated in Figure 3.23 and Figure 3.24,
it is apparent that both indicators are higher in D/ISM compared to ISM as
the HCA is between 2 and 8m2. However, beyond this range, no significant
difference in SPF nor in SF is observed between the two modes. This is justi-
tied by that the electrical energy consumption is entirely satisfied for higher
areas in both modes which tends to reduce the differences between them.
Consequently, a conclusion that can be drawn here is that the system operat-

ing in D/ISM is more advantageous for lower PVT areas.
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FIGURE 3.23: Comparison between ISM and D/ISM in term of
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FIGURE 3.24: Comparison between ISM and D/ISM in term of
SF.

3.5 Parametric study

Having presented and discussed daily, heating season period and total re-
sults of the investigated new system showing its performance when operat-
ing in composite D/ISM compared to single modes, the rest of the study will
look into the parameters design optimisation for usable purposes.

The investigated parameters are PVT area, tank 1 (TK1) set-point tempera-
ture, tank 2 (TK2) set-point temperature and SCE area. As depicted in the
forthcoming curves and in attempt to simplify data reading the curves are
increasingly coloured for a more inclusive readership. In each figure, the
light yellow colour zone corresponds to maximum values, while the dark

blue corresponds to minimum values.

3.5.1 Influence of tank 1 set-point temperature and PVT area

To study the influence of TK1 set-point temperature and PVT area, TK2 tem-
perature and SCE area were set at 50°C and 2m? respectively. PVT area was
changed from 2m? to 20m? and TK1 temperature was changed from 35°C to
50°C. The COP slightly increases with the increase in TK1 set temperature
at higher PVT area as seen in Figure 3.25. For example, with a PVT area of
2m?, the COP goes from 2.54 to 2.59 when increasing the temperature from
30°C to 50°C. Whereas, with 20m? area, the COP goes from 2.92 to 3.07 for the
same interval of temperature. This finding is explained by the fact that TK1
set temperature enhances the heat storage capacity of TK1, which in turn im-
proves the evaporating temperature in ISM improving thus the COP. In term

of PVT area influence, it is observed that the increase in COP is important
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when PVT area changes from 2 to 4 m? due to the rise of solar heat collec-
tion. Beyond this PVT area range, the effect becomes less important since the

excess of heat production is supplied to TK2.
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FIGURE 3.25: Influence of TK1 set-point temperature and PVT
area on COP.

As illustrated in Figure 3.26, the increase in TK1 set-point temperature
has no big influence on SPF for different PVT areas since the electrical energy
consumption reduction in ISM is not significant. Whereas, the effect of PVT
area is remarkable. The higher the PVT area, the higher is the SPF. Rapid in-
crease in SPF recorded up to 14m? area. A maximum SPF of 5.09 is obtained
with 20m? PVT area and 35°C Tkl temperature. After 14m?, the electricity
production by PVT collector becomes higher than the electricity required by
the system (HPs compressor and circulating pumps); therefore, no more en-

hancement in SPF is possible.
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FIGURE 3.26: Influence of TK1 set-point temperature and PVT
area on SPF.

As seen in Figure 3.27, there is no significant impact of TK1 set-point tem-
perature variation on SF values. However, the improvement in SF can be



71 Chapter 3. Results and discussions

seen when the PVT area rises. For different set-point temperatures, the SF
augments from 29.47% for 2m? to 94.26% for 20m? PVT areas. The reason is
that the augmentation in PVT area leads to a clear improvement in SF owing
to the higher electricity production by PVT collector, which tends to reduce

auxiliary electricity consumption.

FIGURE 3.27: Influence of TK1 set-point temperature and PVT
area on SF.

3.5.2 Influence of tank 2 set-point temperature and PVT area

Now, to study the influence of TK2 set-point temperature versus PVT area on
performance, TK1 temperature is set at 40°C and SCE area at 2 m?. The PVT
area was changed from 2m? to 20m? and the TK2 temperature was changed
from 45°C to 60°C. In general, it is observed that the performances of the sys-
tem are less sensitive to changes in TK2 set-point temperature compared to
changes in TK1 set-point temperature. This is interpreted as the most thermal
energy produced by PVT collector, stored in TK1, is to be used in ISM and
only a small amount is supplied to TK2 regardless its set-point temperature.
Regarding PVT area effect, it is found that for all set-point temperatures, the

COP little increases with the increase in PVT area, as seen in Figure 3.28.
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FIGURE 3.28: Influence of TK2 set-point temperature and PVT
area on COP.

The impact of PVT area elevation is clearly observed in SPF and SF, as
shown in Figure 3.29 and Figure 3.30. A rapid increase in SPF is observed
until 12m?, followed by slower alteration thereafter. A maximum value of
SPF (4.80) is reached. Similarly, in Figure 3.30 there is a rapid increase in SF
until 14m?, followed by slowly change. A SF of 93.28% is achieved with a
PVT area of 20m? at TK2 set temperature of 45°C.

FIGURE 3.29: Influence of TK2 set-point temperature and PVT
area on SPF.
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FIGURE 3.30: Influence of TK2 set-point temperature and PVT
area on SF.

3.5.3 Influence of SCE area and PVT area

The effect of SCE versus PVT areas is investigated under the considerations
of TK1 and TK2 set-point temperatures of 40°C and 50°C respectively. Here
we take three different possible areas of SCE 2m?, 4m? and 6m? to study the
impact of possible increasing in that areas. PVT areas are varied from 2m?
to 20m? by a step of 2m2. Figure 3.31, Figure 3.32 and Figure 3.33 point out
the effect of SCE for different PVT areas on system performance. As seen in
Figure 3.31, the COP rises rapidly between 2 and 4 m? PVT area and becomes
almost constant after this range. This is because the extra heat collection is
supplied directly to the DHW tank. The COP appears more sensible to SCE
area change. It changes from 2.62 to 2.94 as SCE area varies from 2 to 6m?2.
This can be explained by the fact that while the system is running in direct
mode, it absorbs more solar thermal energy as the SCE area increases on one
hand and raises refrigerant evaporation temperature on the other, resulting

in reduced electrical energy consumption.
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FIGURE 3.31: Influence of SCE area and PVT area on COP.
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However, the SPF and SF appear more sensitive to PVT area increase
rather than to SCE area change due to extra-production of electricity in addi-
tion to thermal energy by the former. The SPF ranges from 2.51 to 5.34 with
indication that the important change is with lower PVT areas as the electrical
energy demand of the system is significant and becomes low for higher PVT

areas, as seen in Figure 3.32.
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FIGURE 3.32: Influence of SCE area and PVT area on SPE.

The SF attains 96.57% with 20m? PVT area as illustrated in Figure 3.33
which is a high achievement in SF value demonstrating the high contribution

of the solar system and the independence in term of auxiliary electricity.

FIGURE 3.33: Influence of SCE area and PVT area on SE.

3.6 Economic analysis

The complexity of solar heat pump systems is expressed with the type and
number of components used, and the cost of systems are compared taking
into account the payback period (PBP) [53].
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To study the economic viability of the studied solar system in different
modes, the initial investment cost (IC) including system components cost,
installation cost, and operating cost (OC) are firstly determined based on the
system components market and previous studies in the field. Then, the cost
saving (CS) caused by electrical energy saving is estimated. Finally, payback
period of the system is calculated using Equation 3.1 [156] and [131]:

IC

PBP = — 3.1
Where, investment cost and cost saving are obtained as in Equation 3.2 and
Equation 3.3:
IC = ICgs — ICEqH (3.2)
CS = OCgy — OCsgs (3.3)

Which yields to the final expression of PBP as in Equation 3.4:

ICss — ICgy
PECEgH.Cerec — PECss.CELEC

Where, PEC is the primary energy consumed by electrical heater (EH) and

PBP = (3.4)

solar system (SS).

The energy cost of electricity (Cgpgc) in Algeria is taken 0.05 € /kWh based
on the quarterly bill of electricity delivered by the National Society of Elec-
tricity and Gas (SONELGAZ). It is important to notice that this cost is sig-
nificantly lower than globally applicable cost of electricity. The PVT cost is
taken 285 €/m? [157] and the bare SCE manufacture cost is taken 104€/m?2
[111]. Note that the economic analysis is based on PVT area of 8m? and SCE
area of 2 m?2. The storage tank cost is estimated at 342.2 € per 100L [131]. The
ASHP and DSHP of 8kW costs are estimated at 134.61 € and 160 € respec-
tively for each 1kW [158]. The cost of a circulating fluid pump is estimated
at 11.8€, noting that the system comprises three pumps.

Thereby, the total system costs are 3169.08€, 5444.2€ and 5652.2€ in DSM, ISM
and D/ISM, respectively. In D/ISM, the system has an extra cost, this is due
to SCE implementation with PVT panels.

The total results from the economic analysis are shown in Table 3.2. In
general, the system can be criticized in point of view cost, which appears not
economically viable in all studied modes due to higher system investment
costs on one hand but mainly to the lower cost of energy in Algeria on the
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other hand. However, in term of payback period comparison between the
three working modes, the D/ISM has shown the lowest PBP (37 years) fol-
lowed by ISM (38 years) and then DSM (45 years). Indeed, the PBP values
can be considerably reduced when electricity energy prices differ from that
of Algeria. For instance, taking electricity cost of 0.26€ per kWh which is sim-
ilar to a city in UK [139], the PBP becomes 9, 8 and 7 years in DSM, ISM and
D/ISM accordingly denoted PBP1 in Table 3.2.

TABLE 3.2: Economic analysis (prices in (€))
EH DSM ISM D/ISM

Heat supply (kWh) 5091 533290 4903.99 5352.50
PEC (kWh) 3684 2023.43 615.52 554.50
PES (kWh) 0 1660.57 3068.49 3129.50
Initial cost SCE 0 208 0 208

PVT 0 0 2280 2280
Tank 1368.8 1368.8 1368.8 1368.8
EH/GB 70.8 0 0 0
HP 0 1284.88 1280 1488
Pumps 0 354 354 354
Installation 0 480 480 480
Total 1439.6 3169.08 5444.2 5652.2
Investment cost 0 1729.48 4004.6 4212.6
Operating cost 184.2 101.17  30.78 27.73
Cost saving 0 83.03 15342 156.47
PBP - 45 38 37
PBP1 - 9 8 7

Moreover, the influence of PVT area and SCE area on the PBP in ISM
and D/ISM is studied. Three SCE areas of 2, 4 and 6m? are investigated. It
is found that the PBP decreases as PVT area increases from 2 to 10 m? but
increases with higher areas as shown in Figure 3.34. The best PBP of 33 years
in D/ISM is obtained with area of 10m?2. Whereas, it appears that the increase
in SCE area augments the PBP because the operating cost saving becomes less
than the SCE cost. The best PBP is achieved with 2m? SCE area.
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FIGURE 3.34: PBP comparison between ISM and D/ISM.

3.7 Conclusion

In this chapter, the results of the study are detailed and discussed. They can

be resumed in five items as follows:

* A typical day from the heating period is selected to show the new sys-
tem ability to work in AM, DSM, ISM and in D/ISM. All the curves

prove that the system operates correctly.

* In winter months, the results confirm that new system guarantees the
space heating set-temperature of 20°C and the DHW set-temperature of
45°C the whole period. Beside, they point out that the lowest electric-
ity consumption is attributed to the D/ISM. The COP can reach 7.0, the
SPF is between 5 and 40 and the SF is greater that 50% attaining 100%.

* The total results indicate that the new system supplies 5041.11 kWh
of heating energy and consumes the lowest total electrical energy of
933.11kWh. The highest solar heat production as well as the perfor-
mance indicators goes to the D/ISM. Its total heat provision is 2639.23kWh.
The COP, SPF and SF of the system are 2.89, 9.19 and 63% respectively.

* The parametric study outlines that the PVT area increase enhances COP,
SF and SPF. Excepting that its impact on COP declines as PVT area is
greater than 8m?.

TK1 temperature increase improves COP but TK2 temperature increase
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reduces it. The effect of both tanks temperature is not significant on SF
and SPF.

Finally, the parametric study results reveal that the effect of SCE area is
important as the PVT area is 2m?2.

* The economic analysis shows that, with actual electricity prices in Al-
geria, the system is not economically viable. However, when the study
is extended to global mean energy cost, the system working in D/ISM
still preferable since the PBP is 7. Compared to the two other modes, it
is the lowest, ISM (8) and DSM (9).
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General Conclusion

This study aims to advance the goal of meeting recommendations of coun-
tries and international organizations, including Algeria, to ensure energy se-
curity while addressing climate and environmental priorities by examining
the performance of residential heat pump systems that operate on a dual en-
ergy source, solar and air, to provide space heating and domestic hot water
in winter.

The novelty introduced is the investigation of a solar-assisted heat pump
system that operates in three different modes. It can operate in direct-expansion
mode, in indirect-expansion mode, or direct/indirect mode simultaneously.
The heat pump is dual solar-air source connected to photovoltaic/thermal

and solar thermal collectors.

The method consists of using a coupled TRNSYS-Matlab model to be sim-
ulated on a building located in Djelfa as a cold climate region representative.
Daily, heating season-round and total performances of the considered system
in the selected modes have been studied to point out D/ISM advantages.

* Results confirm that the system guarantees provision in DHW and SH
across heating period for all considered working modes. The findings
reveal that combined DX/IX-DSHP system performs better than sepa-
rated DX-DSHP and IX-DSHP systems.

¢ Daily results show that in DSM the system achieves high COPs exceed-
ing 7.0. In ISM, the system achieves high SPF (exceeding 10) and high
SF (100%). In D/ISM, the best results are evidenced by the profit from
different modes. High performance indicators are obtained with con-
tinuous heat supply. The maximum daily COP, SF and SPF are 7.28,
100% and 40 respectively.
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* The total performance results revealed that the system is more effi-

cient in D/ISM. The thermal energy stored is evaluated at 2639.23 kWh.
The total heat supply by the system is 5176.98 kWh, 5019.25 kWh and
5041.11 kWh and the corresponding electrical consumptions is 2242.63
kWh, 1625.43 kWh and 1374.53 kWh depending on the system works
in DSM, ISM and D/ISM respectively. The COP is 2.41, 2.63 and 2.89
respectively in DSM, ISM and D/ISM, respectively. Significant impact
is observed regarding SPF and SF in D/ISM. The SPF is 9.19 and the
SF is 63%, which are clear improvements over ISM (6.23) and (51%) re-
spectively.

A further comparison between ISM and D/ISM, in term of total heat
collection area effect, reveals that high improvement in the COP can be
obtained in D/ISM with all areas. The SPF and SF in D/ISM are also
much better with PVT areas less than 10m? compared to ISM. The gap
between the two modes in SPF and SF is gradually reduced with in-
creasing PVT areas between 10m? and 20m?2.

The parametric study discloses that in all modes the SPF and SF im-
prove significantly with the increase in PVT area. An increase in area
from 2m? to 20m?, at 50°C TK1 temperature, leads to the SPF increase
from 2.48 to 4.78 and the SF increase from 30% to 92.8%.

Compared to SPF and SF, the improvement in COP with increasing PVT
area is less pronounced mainly when it surpasses 8 m2. As the PVT area
varies from 8 to 20m?, the COP rises from 2.89 to 3.0 at TK1 temperature
50°C and rises from 3.0 to 3.06 at TK2 temperature 45°C.

Regarding the two tanks temperature effect, it was found that the COP
increases with the increase in TK1 temperature but decreases when the
TK2 temperature increases. With 8m? PVT area, the COP increases from
2.80 to 2.89 as TK1 temperature increases from 35°C to 50°C and de-
creases from 3.0 to 2.78 as the TK2 temperature rises from 45°C to 60°C.
The impact of TK1 and TK2 temperature on SPF and SF is not signifi-
cant. With PVT area 8m?, as the TK1 temperature increases from 35°C to
50°C, the SPF changes from 3.64 to 3.52 and the SF changes from 61.8%
to 63.6%. When TK2 temperature increases from 45°C to 60°C, the SPF
changes from 3.68 to 3.08 and the SF changes from 64.8% to 58.7%.

The SCE area slightly increases the COP and its effect on SPF and SF is
significant only with low PVT area (2m?). For PVT area 8m?, the COP
increases from 2.99 to 3.23 when the SCE changes from 2m? to 6m?. For
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PVT area 2m?, as the SCE augments from 2m? to 6m?, the SPF varies
from 2.51 to 2.82 and the SF varies from 30.6% to 39.4%. For PVT area
20m?, as the SCE augments from 2m? to 6m?, the SPF varies from 5.25
to 5.34 and the SF varies from 96.0% to 96.5%.

* The economic analysis shows that the studied system is not economi-

cally viable in Algeria due to actual high solar energy components in-
vestment costs and low primary energy prices. The payback period is
45, 38 and 37 years for DSM, ISM and D/ISM, respectively. However,
taking worldwide electricity prices, the PBP will be considerably re-
duced. When taking an electricity cost of 0.26€ per kWh, which is the
mean applicable in many countries, the PBP becomes 9, 8 and 7 years
in DSM, ISM and D/ISM respectively.
In term of PVT and SCE area influence, the PBP decreases as PVT area
increases from 2 to 10m?, regardless of the SCE area (2, 4 or 6m?). How-
ever, it increases beyond this range. The best PBP is achieved with 10m?
PVT area and 2m? SCE area.

Future work

Future research should extend this work by implementing an alternative
type to the bare solar collector evaporator, which allows an exploration of its

effect on heat pump system performance.



Appendix

Physical and thermodynamic

properties

1. Physical properties of R134a refrigerant

TABLE A.1: Physical properties of R134a refrigerant [40],[159]

Property Value
Molar mass (kg/kmol) 102.03
Boiling temperature at 1 atm (°C) -26.2
Freezing point (°C) -101
Critical temperature (°C) 101.15
Critical pressure (bar) 40.64
Critical density (kg/ m3) 508

Latent heat of vaporization (k] /kg) 2155
Saturated vapour specific volume at 20°C ~ 0.035
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2. Thermodynamic properties of R134a refrigerant at point1

TABLE A.2: Thermodynamic Properties of R134a from REF-

PROP

Tovap  Peoap P 14 H E Cp k T

(°C)  (bar) (kg/m’) (m®/kg) (KI/kg) (KJ/kgK) (KI/kg-K) (mW/mK) (uPa-s)
24263 1.1 5.6814 0.17601 383.91 1.7454 0.8005 9.4631 9.8449
2231 1.2 6.1677 0.16214 385.12 1.7435 0.80743 9.6247 9.9158
20481 1.3 6.6522 0.15033 386.26 1.7418 0.81404 9.7765 9.9821
-1876 1.4 7.1353 0.14015 387.32 1.7402 0.82037 9.9197 10.044
-17.132 1.5  7.6172 0.13128 388.32 1.7388 0.82646 10.055 10.103
-15.588 1.6 8.0979 0.12349 389.27 1.7376 0.83232 10.185 10.159
-14.117 1.7 85776 0.11658 390.17 1.7364 0.838 10.308 10.212

Continued on next page...
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Table A.2 — Continued from previous page

Tevap P evap Y |4 H E Cp k 2

-12.712 1.8 9.0566 0.11042 391.02 1.7353 0.8435 10.426 10.263
-11.367 1.9 9.5348 0.10488 391.84 1.7343  0.84884 10.54 10.312
-10.076 2.0 10.012 0.099877 393.37 1.7317  0.86406 10.856 10.447
-8.8344 2.1 10.489 0.095334 394.09 1.731 0.8689 10.955 10.489
-7.6377 2.2 10966 0.091191 394.78 1.7303  0.87363 11.05 10.53
-6.4824 2.3 11.442 0.087395 39544 17296  0.87828 11.143 10.569
-5.3653 2.4 11918 0.083906 396.08  1.729 0.88283 11.234 10.608
-42837 2.5 12394 0.080685 396.7  1.7283  0.88731 11.322 10.645
-3.235 26 12869 0.077704 397.3  1.7278 0.8917 11.407  10.681
-2.217 2.7 13.345 0.074937 397.89 1.7272  0.89603 11.491 10.716
-1.2277 2.8 1382 0.07236 398.45 1.7267  0.90029 11.573 10.751
-0.26521 29 14295 0.069955 399.0 1.7262  0.90449 11.653 10.785
0.67206 3.0 14.77 0.067704 399.53 1.7257  0.90863 11.731 10.817
1.5856 3.1 15.245 0.065594 400.04 1.7253  0.91271 11.807 10.85
24768 3.2 15721 0.063611 400.54 1.7249  0.91675 11.882 10.881
3.3469 33 16.196 0.061744 401.03 1.7244  0.92073 11.956 10.912
41969 34 16.671 0.059983 401.51 1.724 0.92467 12.028 10.942
5.0281 3.5 17.147 0.058319 401.97 1.7237  0.92856 12.099 10.972
58412 3.6 17.623 0.056744 402.42 1.7233  0.93242 12.169 11.001
6.6372 3.7 18.099 0.055252 402.87 1.7229  0.93623 12.238 11.03
7417 3.8 18575 0.053835 4033 1.7226  0.94001 12.305 11.058
8.1812 3.9 19.052 0.052488 403.72 1.7223  0.94375 12.372 11.086
8.9306 4.0 19.529 0.051207 404.13 1.7219  0.94746 12437  11.114
9.6658 4.1 20.006 0.049985 404.53 1.7216  0.95114 12.502 11.141
10.388 4.2 20483 0.04882 40493 1.7213  0.95478 12.565 11.167
11.096 4.3 20961 0.047707 405.31 1.721 0.9584 12.628 11.193
11.792 44 21.439 0.046643 405.69 1.7207 0.962 12.69 11.219
12477 4.5 21918 0.045625 406.06 1.7205  0.96556 12.751 11.245
13.15 4.6 22397 0.044649 40643 1.7202  0.96911 12.812 11.27
13.811 4.7 22.876 0.043713 406.78 1.7199  0.97263 12.871 11.295
14.463 4.8 23356 0.042815 407.13 1.7197 097612 12.93 11.32
15104 49 23.837 0.041952 407.47 1.7194 0.9796 12.988 11.344
15735 5.0 24317 0.041123 407.81 1.7192  0.98306 13.046 11.368
16.356 5.1 24799 0.040325 408.14 1.719 0.9865 13.103 11.392
16969 52 2528 0.039556 408.46 1.7187  0.98992 13.159 11.415
17572 53 25763 0.038816 408.78 1.7185  0.99332 13.215 11.438
18.167 54 26.246 0.038102 409.09 1.7183  0.99671 13.271 11.462
18.754 55 26.729 0.037413 4094  1.7181 1.0001 13.325 11.484
19.332 56 27.213 0.036747 409.7 1.7179 1.0034 13.38 11.507
19903 5.7 27.698 0.036104 409.99 1.7177 1.0068 13.433 11.529

Continued on next page...
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Table A.2 — Continued from previous page

Teva p Peva p 1Y 14 H E Cp k U

20467 5.8 28.183 0.035483 410.28 1.7175 1.0101 13487  11.552
21.023 59 28.668 0.034882 410.57 1.7173 1.0134 13.54 11.574
21572 6.0 29.155 0.0343 41085 1.7171 1.0168 13.592 11.596
22114 6.1 29.642 0.033736 411.13 1.7169 1.0201 13.644 11.617
22649 6.2 30129 0.03319 4114 1.7167 1.0233 13.696 11.639
23.178 6.3 30.617 0.032661 411.67 1.7165 1.0266 13.747 11.66
23.701 6.4 31.106 0.032148 411.94 1.7163 1.0299 13.798 11.682
24217 6.5 31596 0.03165 4122 1.7161 1.0331 13.848 11.703
24728 6.6 32.086 0.031166 41245 1.716 1.0364 13.898 11.724
25232 6.7 32577 0.030697 412.7  1.7158 1.0396 13.948 11.744
25731 6.8 33.068 0.03024 41295 1.7156 1.0429 13.997  11.765
26225 69 33561 0.029797 4132  1.7155 1.0461 14.046 11.786
26.713 7.0 34.054 0.029365 413.44 1.7153 1.0494 14.095 11.806
27196 7.1 34.547 0.028946 413.68 1.7151 1.0526 14.144 11.826
27.674 7.2 35.042 0.028537 413.91 1.715 1.0558 14.192 11.846
28.147 7.3 35537 0.02814 414.14 1.7148 1.059 14.24 11.866
28.615 7.4 36.033 0.027752 414.37 1.7147 1.0622 14.288 11.886
29.078 7.5 36.53 0.027375 414.59 1.7145 1.0654 14.335 11.906
29537 7.6 37.027 0.027007 414.81 1.7143 1.0686 14.382 11.926
29991 7.7 37.526 0.026649 415.03 1.7142 1.0718 14.429 11.946
30441 7.8 38.025 0.026299 41525 1.714 1.075 14.476 11.965
30.886 7.9 38.524 0.025958 41546 1.7139 1.0782 14.523 11.985
31.327 8.0 39.025 0.025625 415.67 1.7137 1.0814 14.569 12.004
31.765 8.1 39.527 0.025299 41588 1.7136 1.0846 14.615 12.024
32.198 8.2 40.029 0.024982 416.08 1.7135 1.0878 14.661 12.043
32.627 83 40.532 0.024672 416.28 1.7133 1.091 14.707  12.062
33.052 84 41.036 0.024369 416.48 1.7132 1.0942 14.752 12.081
33.473 85 41541 0.024073 416.67 1.713 1.0974 14.798 12.1
33.891 8.6 42.047 0.023783 416.87 1.7129 1.1006 14.843 12.119
34305 8.7 42553 0.0235 417.06 1.7127 1.1038 14.888 12.138
34715 8.8 43.061 0.023223 417.25 1.7126 1.107 14.933 12.157
35.123 89 43569 0.022952 417.43 1.7125 1.1102 14977 12176
35.526 9.0 44.078 0.022687 417.61 1.7123 1.1134 15.022 12.194
35926 9.1 44.589 0.022427 417.79 1.7122 1.1166 15.066 12.213
36.323 9.2 45.1 0.022173 41797 1.7121 1.1198 15.111 12.232
36.717 9.3 45.612 0.021924 41815 1.7119 1.123 15.155 12.25
37.108 94 46.125 0.02168 41832 1.7118 1.1262 15.199 12.269
37495 95 46.638 0.021442 4185  1.7117 1.1295 15.243 12.287
37.879 9.6 47.153 0.021207 418.67 1.7115 1.1327 15287  12.306
38.261 9.7 47.669 0.020978 418.83 1.7114 1.1359 15.33 12.324
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