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Abstract

In today’s world, climate change and the recent energy crisis have led to an urgent need for

societies around the world to transition away from fossil fuels and switch to renewable, more
sustainable, and environmentally friendly energy sources. One of the best sources of
renewable energy is solar energy, but the current technology hinders its exploitation in full
due to various factors but mainly because of the gain-to-cost ratio. However, although solar
energy is mostly used for producing electrical energy, it can be exploited for direct heating
water using special panels.

Solar thermal heating is mostly used in Mediterranean countries and especially in the island
of Cyprus where the solar coverage reaches its maximum in Europe and therefore the
production efficiency shows a similar trend. Cyprus is an island in the Mediterranean where
solar water heaters are used extensively, in fact, The cabinet of the island encourages and
sponsors consumers to install or upgrade old installations with the latest technology which
explains why Cyprus has the highest percentage of solar thermal installations per inhabitant.
In addition, the new legislation for the construction sector states that part of the house energy
must be provided by renewable energy sources.

n this study, the status of solar water heating in domestic use in Cyprus is reported and the
latest technologies and innovations are explored to find the most efficient and reliable
technologies for future use and further study. Innovative materials and designs that can
enhance a solar collector’s performance are mentioned. Additionally, environmentally
friendly materials that are produced from natural sources and innovative geometries with
lower manufacturing costs are stated. Based on the investigated improvements the future of
the solar water heating market will keep growing and gain more attention. The state of solar
thermal energy in Cyprus is being analyzed to identify the key factors behind the country's
success in using solar thermal energy. By pinpointing these factors, other countries could
potentially benefit from Cyprus's experience with solar thermal power.

Keywords: Solar water heating, domestic use, Cyprus, solar energy, solar thermal systems,
innovations



HAlaka cvotipata OEppavonc vepou OLKLOKNAG XPriong otnv
KUmpo kat avaokomnnon tTwv TEAEUTALWV KALVOTOMLWYV KoLl
g€elilewv

KYPIAKOZ KOYTZOTANNHZ

TuAua Mnxoavoldywv Mnxavikwy, Maveniotiuio Osocoaliag, 2023

EruBAEnwv KaBnyntnic: Ap.Avépitoog NikoAaog,
KaBnyntn¢ Emxelpnolakng Epsuvag

NepiAnyin

2TOV GUYXPOVO KOO0 TO EVEPYELAKO TIPORANUA KoL N KALLaTkA aAAayr wBolv tov avBpwrto
VO OTAUOTHOEL VA XPNOLUOTIOLEL OPUKTA KaUoLua Kol va otpadel oe o GLAKEG TPOG TO
TiepLBAANOV TINYEC EVEPYELAG, OTIWG OL AVOVEWOLLEG TINYEG EVEPYELAG. MLOL OTTO TLC KAAUTEPEG
TINYEC OVOVEWOLUNG EVEPYELOC €lval N nALOKN €VEPYELR, aAAQ n TpExouoa TeXVoAoyia
eunodbilet Tnv mMAnpn ekPeTaAAguon TNG. QoTdo0, av Kal N NALAKN EVEPYELX XpNOLUOTIOLELTOL
KUplwg yla TNV Tapaywyrn NAEKTPLKAG eVEPYELOG, Umopel va aflomolnBel yla tv aueon
B€puavon vepou pe Tn Xpron eOKWV NALAKWY TAVEA.

JTIC LECOYELOKEG XWPEG, N NALOKN EVEPYEL XPNOLUOTOLELTAL KUPLWG yla TNV Ttapoywyn
{eotoUl vepOU Kal NAEKTPLKAG EVEPYELAG. 2TO vnol tng Kumpou, ol nAlakol Bepuooidwveg
XPNOLUOTIOOUVTAL €UPEWC, aUTO KaBlotd tnv Kumpo to vnol pe tnv peyoAUTepn Katd
KEGOANV TIUKVOTNTA NALOKWVY CUOTNUATWY B€épuavong vepou, pe 9 ot 10 KATOLKIEG va
StaBtouv nAlakn Béppavon vepou. To Kumplakd uToupylkd ocupPoUAlo TpowBel kot
XPNUOATOSO0TEL TOUC KATAVOAWTEG YLaL EYKATAOCTOON VEWV NALOKWVY BgpUooidwvwy f yla tnv
OVTLKOTAOTACN TWV MEMAAALWHUEVWV HLE TILO TIPOXWPNHEVNG TEXVOAOYLAG. 2TV KUTpOo, oL VEoL
KOTOLOKEV QLOTIKOL VOOL ETURBAAAOUV Eva LEPOC TNG EVEPYELOG TOU OTILTLOU VA TIPOEPXETAL ATIO
OVAVEWOLUEG TINYEC.

H napouoa peAéTn KataypAadeL TNV TPEXOUCA KATAOTAON TNG NALOKNC BEpUavong vepou otnv

KOmpo kal OSlepeuvd TI( VEOTEPEC KOALVOTOWUIEG TIPOKELUEVOU va TPOodLOPLOTOUV OL TILO
QIMOTEAECUATIKEG Kal afLOTILOTEG AUCELG yLOL XProN OTO MEAAOV 1) yLO TIEPALTEPW €peuva. H
anodoaon evoc NALakoU CUANEKTN Utopel va BEATIWOEL pe T Xprion VEWV UALKWV KoL oxedilwy,
Ta omola meplypadovrtat. AvadEpovtal EMionG KALVOTOUES YEWUETPLEC LUE XOAUNAOTEPO KOOTOG
KOTOLOKEUNG KOL LE OLKOAOYLKA QIMOSEKTA UALKA TIOU TpoEpxovtal amo ¢GuolkeéG mnyEG. H
Katdotaon tng NALakAG BepULkAG evépyelag otnv KUmpo avaAUeTal yla vol EVTOTLOTOUV ol
Baolkol mapdyovteg mou odfynoav tnv Xwpeo otnv erttuxia tng otn xpAon tng NALAKAG
BepULKAG EVEPYELAG. ME TOV EVIOTILOMO QUTWV TWV TAPAYOVIWY, GAAEC XWPES Ba pmopoloav
evbexouévwe va emwdeAnBolv amnod tnv eumnelpia tng Kumpou pe tnv nAloBepuLkn evépyeLa.



NE€erg-kKAeWSLa: HAloka cuotipata B€puavong vepou, olklakn xpnon, Kumpog, teAeutaieg
TEXVOAOXLEC

Vi
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1 Chapter 1. INTRODUCTION

Renewable energy sources are recognized as the most important element that is
required to achieve a sustainable environment. Today's knowledge of environmental
challenges like air and water pollution, the greenhouse effect, and global warming
emphasizes the need for energy sources. The domestic-commercial sector consumes
approximately more than one-third of the global electricity production. This sector
includes households, offices, schools, hospitals, hotels, and other similar types of
buildings. The consumption of electricity in this sector is mainly due to the use of heating,
air conditioning, and water heating. In addition to that, in 2021 the direct emissions that
come from space and water heating in buildings grew by 5.5%, reaching a new high of
2 500 Mt CO2. The demand for electricity in the domestic-commercial sector is increasing
rapidly due to the growing population and rising standards of living.

Renewable energy sources most of the time have zero emissions, so there are no harmful
effects on the environment, unlike fossil fuels. For example, solar water heating systems
have a low impact on the environment as they do not require any pipelines or drilling, also
by relying only on the sun’s energy they do not contribute to air pollution or water
pollution, which can be harmful to both human health and the environment. By reducing
our dependence on fossil fuels and transitioning to renewable energy, we can help reduce
global carbon emissions and reduce the negative effects of climate change. Renewable
energy sources are often domestically produced, which can reduce the dependence on
foreign oil and natural gas, which results in less cost in energy production, and new job
opportunities, which leads to the economic growth of a country. Furthermore, it is worth
researching ways of improving the current technologies and finding more useful
applications. Harnessing solar energy can help the world move toward a more sustainable
environment without pollution.

However, despite the progress made in the adoption of solar water heating in Cyprus,
there are still some challenges that need to be addressed. For instance, the initial cost of
installing a solar water heating system can be relatively high, which may deter some
consumers from making the switch. Additionally, there may be some technical and
technological problems that do not help consumers to move into solar thermal energy
due to performance issues.

In conclusion, the increase in the annually installed surface of solar water heating in
Cyprus over the years is a positive sign that more consumers are recognizing the benefits
of renewable energy. The government's support through legislation and sponsoring
programs has played a crucial role in this development. As the country continues to
promote sustainable energy practices, it is important to address any remaining barriers
and encourage even more households and businesses to make the transition to
renewable energy sources.



1.1 Thesun

The sun is a 4.5-billion-year-old star and the core of our solar system. It is the
shining star of our solar system, which constantly sends energy and light to the earth
and is in the center of our solar system. The sun’s energy supports every life on earth
and is responsible for the climate of the earth. It has the shape of a sphere with a
diameter of 1,4 million kilometers; the density is said to be 100 times greater than
that of water; and it consists mostly of hydrogen and helium. In effect, it operates as
a non-stop fusion reactor and is held together by gravitational forces. The most
important fusion reaction is hydrogen combining with uranium to form helium. The
mass of a helium nucleus is 0.7 percent less than that of four protons, and during
fusion, this lost mass is transformed into energy. The planets and all of the debris are
all in orbit around the sun thanks to its gravity, which also binds the solar system
together. The core's temperature reaches 15 million Celsius and the surface reaches
5,500 Celsius. The distance between the sun and the earth is 150 million kilometers,
yet the energy that arrives on earth is enormous. On average, the sun spins on its axis
every four weeks. It does not, however, revolve like a solid body, each rotation takes
around 30 days for the northern regions and roughly 27 days for the equator. As
shown in Figure 1.1 sun can be divided into 3 main layers: the core, where the nuclear
reaction happens, the radiative zone, which is the biggest layer, and energy from the
core is transported through radiation, as photons bounce off atoms and travel
outwards, and the convective zone where energy is transported through convection,
as hot gas rises and cool gas sinks (convective zone is where sunspots and solar flares
are observed). The photosphere is the name of the outer layer of the sun and is a part
of the convective zone, and most of the solar radiation originates from this layer due
to its heavily ionized gases' ability to absorb and emit a broad spectrum of
radiation.[1], [2],[3]

Internal structure:
core
radiative zone Subsurface flows

convection zone

Photosphere
/ , 4 r Sun spots

Prominence

Coronal Hole e -
— Chromosphere

\/

Figure 1.1: Sun’s anatomy (layers)[66]



1.2 Solarirradiance:

Radiation is the energy that a solid, liquid, or gas emits while it is at a specific
temperature. This matter has the ability to absorb as well as reflect the radiant energy
that is impinging on it. For solar radiation to arrive at the surface of the earth, it has
to overcome some obstacles like the atmospheric layer, which modifies the spectrum
by absorption and scattering. Long-wavelength radiation normally originates from
lower-temperature sources, while short-wavelength radiation often comes from the
sun or other high-temperature sources. Radiation that has a wavelength of less than
190 nm is absorbed by atomic and molecular oxygen and nitrogen. Short-wave UV
light causes molecular oxygen in the atmosphere to photo-dissociate when it absorbs
it, and because of this, ozone is created. Ozone poorly absorbs visible radiation and
substantially absorbs longer-wavelength UV between 200 and 300 nm in the Hartley
band. The total quantity of energy the Earth receives from the Sun at its zenith varies
with the Earth's distance from the Sun and, therefore, the season. When the sun is at
its zenith, direct sunlight reaching Earth's surface is approximately 1050 W/m2, but
the total amount of sunlight reaching the ground is approximately 1120 W/m2. This
is assuming that total extraterrestrial solar radiation is 1367 W/m2. Only a percentage
of the total solar energy reaches the earth's surface due to changes in the sun's
radiation upon entrance into the atmosphere as mentioned before and due to the
enormous distance between the sun and our planet. As shown in figure 1.2, the
average distance of about 149.5 million kilometers. [2]

Sun 1.27 x 10° m
7900 mi

Diam. =1.39 x 10° m
-8.64 x 10° mi

(

Solar constant

= 1367 W/m?
- 433 B/t hr
= 4,92 MJim? hr

| Gse

(= 1495 x 10" m
Distance is 4

+17%
|= 9.3 x 10" mi ’

Figure 1.2: Sun and earth relation and solar constant [2]
Solar radiation that reaches the Earth's surface can be divided into three main types

based on how it arrives, which can be shown also in figure 1.3:
e Diffuse solar radiation: This is the radiation that eventually makes it to the

Earth's surface after repeated route changes, such as those caused by
atmospheric gases.



e Direct solar radiation: Without dispersing at all along the way, this kind of
radiation passes through the atmosphere and reaches the surface of the
Earth.

e Reflected solar radiation: The albedo effect is a phenomenon in which a
portion of solar energy is reflected by the earth's surface itself.

Global radiation: Direct, diffuse, and reflected radiation together make up global

radiation.

ATMOSPHERIC
SCATTERING

ABSORBED

DIRECT REFLECTED

GROUND-
REFLECTED

Figure 1.3: Total radiation forms on earth[64]

1.3 Heat Exgange phenomena
1.3.1 Convection Heat Transfer

Convection heat transfer occurs between a limited surface and a fluid when they
are at different temperatures. Convection falls into two categories: natural
convection and forced convection. With natural convection, the fluid creates
movement when it is heated, this occurs because the fluid’s density decreases
and it gets lighter than the cold fluid in the system. For example, when the hot
fluid in a pipe rises and the cooler fluid comes to take its place, this movement
causes the fluid to circulate. Forced convection requires a fan or a pump to move
the fluid in the system.[1] The convection heat transfer can be measured by
equation 1.2:

QConv = hA;(Ts — Too) (1.2)



where Qcony is the convective power, the heat exchange coefficient h, which is
inversely correlated with the temperature differential between the heated
surface T and the surrounding air T,. According to Incropera and Dewitt
convection heat transfer coefficients can be considered according to Table 1.1:

Process h [W/m*K]
Natural Convection
Gases 2-25
Liquids 50-1000
Forced Convection
Gases 25-250
Liquids 100-20,000

Table 1.1: General convection heat transfer coefficient values [1]

1.3.2 Conduction heat transfer

Thermal conduction is the transport of heat through stationary fluids or solids. It
takes place inside the body of a solid or between two solids in contact, without
the aid of mass movement or mixing. It is the direct microscopic transfer of
particle kinetic energy across the border between two systems. This mechanism
occurs with lattice vibration and particle collision. Molecular collisions are the
main source of heat conduction in stationary fluids, however, in solids, this
mechanism is not possible. In a solid with two different temperatures at opposite
sides, the hot side undergoes more violent atomic movements, and as a result,
the energy is transferred to the cold side. Thermal equilibrium is eventually
reached by both sides when all atoms vibrate with the same energy. Metals and
fluids are usually stronger thermal conductors than ceramic materials, which
have fewer free electrons since electron collision-based conduction is more
efficient than lattice vibration-based conduction.[1] The conduction heat
transfer can be measured with Fourier’s equation (1.3):

. dT
Qcona = kAa (1.3)

where T is the temperature differential between two surfaces separated by a
distance dx,k is the corresponding thermal conductivity and A is the cross-
sectional area through which the heat is conducted.

1.3.3 Radiation heat transfer
For the majority of technical heat transfer applications in solar water heating,
the solar energy is transferred to the collector with radiation. Radiation plays a
key role in solar water heating systems, and that is the reason why solar thermal
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systems are placed on the roof, to be able to capture solar energy through
radiation heat transfer. Radiation heat transfer is a type of heat transfer that
involves the transfer of energy through electromagnetic waves without the need
for a physical medium. This type of heat transfer is responsible for the transfer
of energy from the sun to the earth and from hot objects to cooler objects in our
daily environment. For all materials with a temperature higher than -273,14 °C,
the radiation emittance to its surroundings starts. In radiation heat transfer, heat
is transferred in the form of electromagnetic radiation, which can travel through
a vacuum or any transparent medium, such as air, glass, or water. The rate of
radiation heat transfer depends on the temperature of the emitting object, the
surface area of the emitting object, and the distance between the emitting object
and the receiving object.

The thermal radiation range consists of ultraviolet (UV) radiation, the entire
visible spectrum, and infrared (IR) radiation, which can be further divided into
four subcategories. The first subcategory is called the near-infrared (NIR) band,
which ranges from 0.7 to 1 um, while the second is the short-wave IR (SWIR)
band, ranging from 1 to 2.5 um. These spectra are usually produced by object
reflections, much like radiation in the visible spectrum, but they are invisible to
the human eye and are classified as non-thermal forms of infrared radiation. The
mid-wave infrared (MWIR) band spans from 3 to 5 um, and the long-wave
infrared (LWIR) band spans from 7.5 to 14 um. Both of these radiation bands
originate from an object's surface thermal emissions, rather than reflections, and
are considered to be the primary sources of thermal radiation.[1]

Radiation heat transfer is an important phenomenon in many industries and
fields, including building and construction, heating and cooling, and renewable
energy. Understanding the principles of radiation heat transfer can help
engineers and scientists design more efficient systems and technologies that
harness or manage heat in various applications. The radiative heat transfer
interaction between an item and its surroundings is described with regard to
wavelength using an equation (1.1):

Qraa = 0§ A(T* — T3) (1.1)

where A is the surface area of the object, 5.67x10-8 W/m2-K4 is the Stefan-
Boltzmann constant, and T is the surrounding temperature.

1.4 Solar water heating

Solar water heating (SWH) is the process of using a solar thermal collector to convert
sunlight radiation into heat and then transfer heat to a fluid that flows inside the



collector. The collected energy can be used for heating water, or air for later use It
can be used for process heating, hot water delivery, distillation, and area heating or
cooling in buildings. Solar water heating is considered to be a clean and renewable
energy source because some solar thermal collectors do not require a pump or a fan
to work, just the sun’s radiation.

1.5 Scopus and structure of this study
This study aims to explore the status of solar water heating in Cyprus, as it is one
of the leading countries in this area. Also, this study aims to investigate some of the
latest technologies and innovative materials that will enhance the solar collector's
efficiency.

Cyprus's legislation and the Cypriot Cabinet’s sponsors provide an example for other
countries with similar climate conditions to use solar water heating in domestic
households. Adding some of the investigated new materials and designs to the solar
collectors market can encourage consumers to turn to the direction of solar energy,
which is a renewable source and environmentally friendly. Innovative materials and
geometries can also save on production costs and have a positive environmental
impact because of their straightforward designs and accessible natural materials.
The information in this chapter covers the potential for renewable energy that is
currently accessible, why solar energy must be used more over time, and the
necessity for solar collector technologies to help us harness solar energy. Also, there
is an introduction to the sun and the energy that it provides.

Chapter 2 contains an overview of the solar water heating systems used for domestic
use. The different types of systems and their working principles and parts are
explained.

Chapter 3 includes a status analysis of solar water heating in Cyprus and a detailed
explanation of the minimal requirements for a solar water heating system on new
residential houses. Furthermore, the results of a questionnaire from 1,000 residential
households in Cyprus help to better understand the situation in Cyprus.

In chapter 4, some of the latest and most advanced innovations in solar water heating
are presented. It contains new designs and materials that can enhance a solar water
heater. Also, some environmentally friendly materials are presented that can be used
and have the same or even better results than other traditional materials. It also
contains some new and better thermal energy storage systems and high-efficiency
photovoltaic thermal solar collectors.

The last chapter of this study contains a conclusion on the situation in Cyprus and
what motivates the island’s residents to use solar water heating. Also, some of the
best innovations and designs presented in the previous chapter are mentioned.
Suggestions for further study on some materials and parts that can be improved are
also contained in this chapter.



2 Chapter 2. Solar water heating

2.1

Introduction

Solar energy collectors are a unique class of heat exchangers that convert radiation
from the sun to heat and transfer that to the circulating fluid, which is usually water
or oil. The energy that is collected is transferred to another fluid or to a thermal energy
storage tank to be used later. Solar collectors fall into two categories: non-
concentrating and concentrating. While the non-concentrating collector has the same
area for capturing and absorbing solar radiation, concentrating solar collectors must
track the sun to capture and concentrate the sun's radiation to a smaller receiving
area through concave reflecting surfaces; this way the radiation flux increases.

2.2 Solar water heating systems (SWHS)

SWHS falls into two categories for domestic use, passive water heating systems, and
active solar heating systems:

e Passive solar water heating systems are the type of systems that do not need

a pump. Warm fluid spontaneously rises through the solar collectors and into

the storage tank. When this occurs, colder water at the storage tank's base is

driven out and flows down to the collectors' bottoms where it will be heated.

e Active solar water heating systems (ASWH) circulate the working fluid through
the system using one or more pumps, as opposed to passive systems. ASWH
can be divided into direct circulation and indirect water heating systems.
Direct systems use only one fluid, which circulates through the collector and
the storage tank to be headed. Indirect systems use two fluids, the fluid that
circulates through the collector to collect heat and then circulates through a
heat exchanger inside the storage tank to reject the heat that possesses.

2.3 Solar collector types

For domestic use, stationary collectors are the most common because they are
simpler and cheaper than sun-tracking collectors. The three stationary collectors are
the flat plate collectors (FPC), the stationary compound parabolic collectors (CPC),
and the evacuated tube collectors (ETC). The collectors must face south in the
northern hemisphere and north in the southern hemisphere, both directed toward
the equator. The best tilt angle for the collector depends on the application and is
equivalent to the latitude of the region, with angle variations of 10 to 15 degrees.
These types of solar thermal collectors are one of the most popular ways to use the
energy from the sun's rays because of their low cost, straightforward construction,
and easy usability. Unlike tracking collectors for example parabolic collectors, which



require additional consideration for self-shading and wind loading, these collectors
are simple to install in buildings with integrated applications.

2.3.1 Flat plate collectors using liquid (FPC)

Flat plate collectors are the most researched technique for producing
household water. The solar radiation arrives at the collector and warms a dark
surface which transfers the energy to the liquid for later use. A significant amount
of solar energy is absorbed by the plate as it collides with the darkened absorber
surface of high absorptivity after passing through a transparent cover. This
energy is then transferred to the fluid within the tubes to be taken away for
storage or consumption. To minimize conduction losses, the side of the casing
and the underside of the absorber plate are adequately insulated. The liquid
tubes may be an inherent component of the absorbing plate, or they may be
welded to the plate. The glass allows for the maximum amount of solar radiation
while minimizing the upward loss of heat. The longwave radiation emitted by
collector plates is essentially invisible to glass, but when it is absorbed, it raises
the temperature of the glass and loses heat by radiation and convection to the
environment.[4]

As shown in figure 2.1, a flat plate collector consists of the following main parts:
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Figure 2.1: Flat plate collector components [65]

e Absorber plate:

A black surface that can absorb solar energy, is usually made of copper in
thin sheets.



A transparent glazing cover capable of transmitting radiation made of glass

or plastic.
Interior tubes:

Pipes that are responsible for the heat transfer fluid inside the collector to
remove heat.
Case:

A framework that contains and protects the components from dust, water,
and moisture.
Insulation:

insulation for reducing heat losses with materials with low heat conductivity
to reduce heat transfer from the collector’s case to the environment.

Two types of flat plate solar water heating systems are mainly used:

Close-couple thermosiphon is the most used system for solar water heating.
It consists of horizontally mounted storage tanks directly above the solar
collectors, together with roof-mounted solar collectors as in figure 2.2. This
type of system does not need a pump. Warm fluid spontaneously rises
through the solar collector's tubes and into the storage tank. When this
occurs, colder water at the storage tank's base is driven out and flows down
to the collectors' bottoms where it will be heated.[5], [6]
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Figure 2.2: Close-couple thermosiphon system|[5]
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e Split systems: In a split system, the tank is often placed at ground level and
below the level of the collectors as shown in figure 2.3. So, a thermostatically
regulated pump must be used to move water from the tank to the collectors
and back. Solar water heaters can either use a heat exchange fluid to
transport heat between the solar collector and storage tank or they can
directly transfer heat to water, these two methods of heating the water in
storage are referred to as open circuits and closed circuits, respectively.[5],

(6]
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Figure 2.3: Split system[5]

2.3.2 Compound parabolic collectors

CPCs are concentrators without imaging capabilities. These are capable of
reflecting all incident radiation to the absorber throughout a wide range. By
utilizing a trough with two parabola-shaped portions facing each other, the need
to move the concentrator to account for the shifting sun position may be
minimized. Any radiation entering the aperture and falling within the collector
acceptance angle is reflected numerous times inside until it reaches the absorber
surface at the collector's bottom. There are lots of absorber designs available,
but the most common is cylindrical; its design is shown in figure 2.4. The absorber
is covered with glass to avoid any dust or anything that can reduce the absorber’s
reflectivity. For this type of system, the collector must be oriented with its long
axis along the east-west direction; this way, the collector must be adjusted every
few months for better efficiency and not every few hours. The minimum
acceptance angle for stationary CPC collectors deployed in this mode is 47
degrees. Only when the sun is inside the collector's acceptance angle can
radiation be collected. CPCs are not so popular for domestic use because of the
high temperatures of the fluid.[7]
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Figure 2.4: Schematic diagram of a compound parabolic collector [7]

2.3.3 Evacuated tube collectors (ETCs)

Evacuated tube collectors were designed to perform in cold climates and on
cloudy days, unlike flat-plate collectors. ETCs are made of a heat pipe enclosed
in a vacuum-sealed tube, which is like a bulb attached to the manifold. The
vacuum-sealed tube is designed to reduce convection and conduction losses, so
the collectors are capable of operating at temperatures greater than FPC.ETCs
can perform better in total than FPCs because of their higher efficiency due to
lower incidence angle acceptance. ETC's distinguishing characteristic is the heat
pipe’s built-in resistance to freezing and overheating since there is no possibility
of evaporation or condensation above the phase-change temperature. [7], [8]
The three types of evacuated tube collectors that are mainly used are:

e Water-in glass collectors: this type of collector consists of water pipes that are
connected to the storage tank by a single end. The water pipes are made of
glass, and they are inside a glass tube with a vacuum as the schematic
represents in figure 2.5. The water is transferred through the pipe without
any help from a pump. When the water is heated by solar energy the hot
water rises to the storage tank and is substituted by the colder. [8]
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Figure 2.5: Schematic representation of water-in glass collector [63]

U-type: this type of collector allows thermal fluid to enter the absorber
directly, which is placed within the tube vacuum. The absorber is now a tube
with fins attached to it and it's made of metal, usually copper. The absorber's
surface is painted with black selective paint, to collect greater amounts of
solar radiation. The vacuum tube has a single end, where the absorber’s inlet
and outlet go through, making the shape of the absorber like a “U”, as shown

in figure 2.6:
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Figure 2.6: Schematic representation of U-type collector[63]

Heat pipe: The absorber, which is housed inside the tube vacuum, receives
the heated fluid directly. The absorber plate is a fin attached to the heat pipe
and both are made of copper or aluminum (both very good thermal
conductors). The fluids within the heat pipe are methanol or ethanol with
water, which are alcoholic solutions that evaporate at low temperatures. The
fluid undergoes a cycle in which it evaporates and condenses each cycle, to
increase heat transfer efficiency. When the fluid enters the tube and collects
the solar heat it evaporates, then the vapor is transferred to the heat
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exchanger(manifold) to release the heat and condense. The same fluid is then
returned to the solar collector and the process is repeated. Inside the
manifold water or glycol flows to collect the heat from the tubes. Then the
same fluid is transferred to another heat exchanger to transfer its heat to
another fluid in the storage tank. A representation of this collector is provided
in figure 2.7:
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Figure 2.7: Schematic representation of Heat-pipe collector [8]
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3 Chapter 3. Cypriot legislation for solar energy and penetration

Cyprus now relies totally on imported fuel to meet its energy needs because it lacks any
natural oil resources at the moment. Solar energy is now the best form of energy that is
natural and available. Solar energy is used extensively for heating water in households, hotels,
and industries. The sum of the total annual radiation in Cyprus is about 1,790 kWh/m? per
year, about 70% is direct radiation and 30% diffuse. The island receives 9.8 hours of sunshine
on average in December and 14.5 hours in June. Most of the installed units are
thermosiphonic type, which consists of 2 flat-plate solar collectors with 3 or 4 m? for the
area of the absorber.

3.1 Legislation for solar water heating for domestic use
According to the decree "On minimum energy efficiency requirements for buildings,

2009", of the Minister of Trade, Industry, and Tourism, the use of solar water heating
systems is mandatory in new buildings used as residences. For each system to comply
with the law, there is a Solar Systems Technical Guide issued by the Service of Energy
of the Ministry of Trade, Industry, and Tourism, which specifies the minimal
specifications. In 2009, the minimum specifications based on the CYS ISO 9459-
2:1995 standard were for :

e Minimum hot water storage capacity in liters

e Minimum total power of the collectors of the solar water heater in Watts

e The minimum total surface of the collectors of the solar water heater in

square meters

The minimum specifications for a Close-couple thermosiphon system based on Solar
Systems Technical Guide are shown in table 3.1:

Number of | Minimum hot | Minimum  total The minimum total

bedrooms | water storage | power of the surface of the
capacity in | collectors of the collectors of the solar
liters solar water water heater in

heater in Watts square meters

1 90 422 Or |15

2 150 715 2,6

3 200 990 3,6

4 250 1265 4,6

More than | The project designer can specify a solar thermosiphon system that

4 will prove to satisfy the needs of the specific residence.

bedrooms
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Table 3-1: minimum values for a Close-couple thermosiphon system

If the total surface of the solar collector is determined based on the power of the
collector, the following equation (3.1) is applied for the minimum total requested
surface of the collectors:

MTP (watts)

C (watts) (3'1)

MTRS =

m2

Where:

» MTRS = Minimum total requested surface of the system’s collectors in
square meters.

» MTP = Minimum total power of the collectors of the solar water heater
in Watts for the number of bedrooms based on table 3.1

» PC = Power of the collector in watts per square meter of collector
surface

In a case where a Split system is used, the minimum surface area of the solar
collectors (in m?) is corresponding to the total number of bedrooms that are
connected to the system when the minimum power per square meter of solar surface
collector is 320 Watts. In cases where the solar panels have different power from the
320 watts per square meter, the needed surface for the solar collector is calculated
using the equation (3.2):

NB x 320 (LaLts)
TRS = m? (3.2)

Watts
P (5pz)

Where:

» TRS = total requested surface of solar collector in square
Meters
» NB =number of bedrooms
» PC = Collector’s power in Watts per square meter of collector surface
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The capacity of the storage tank for the hot water in split systems, for apartments
and households with one bedroom, is set at 90 liters. For houses and apartments with
more than one bedroom the capacity of the storage tank is calculated using the
equation (3.3):

CST = (NB x 50 (liters)) + 50 (liters) (3.3)
Where:

» CST = capacity of the hot water storage tank
» NB = number of bedrooms

3.2 Solar water heating status in Cyprus

Cyprus for the past 10-15 years is leading in the sector of the total energy used in
domestic houses, with an average of 17% of the total energy being covered by solar
thermal collectors. This result comes from the fact that Cyprus is the country with the
second highest percentage of installed solar water heating systems per inhabitant (1
m? per habitant), with an estimated 93,5% of households, 80% of tourist
accommodations, and 53% of hotels having these systems. Specifically, for 2020, the
estimated total installed surface of solar panels was 834,339 m2 and the installed
capacity was 582 MWth, these numbers may not seem high but Cyprus is an island
with less than 1.3 inhabitants. Also, thanks to particular incentives and legislation
these percentages keep increasing, for example in 2008 solar water heaters are
needed by law for the generation of hot water in all new homes constructed. A few
years laterin 2017, all newly constructed single-family homes must meet 25% of their
energy needs with renewable energy sources like solar water heaters.

For the past years and until today, the Cypriot cabinet sponsors consumers to
change the old, low-efficiency solar water heating system with new high-efficiency
solar collectors. For example, in 2022 the cabinet approved 600,000 euros in an
incentive program to encourage residential owners to replace the old or install new
solar collectors. The program gives a €450 subsidy for every integrated solar system
installed in a residential house, with an additional €900 available for homes in
mountain locations. Also, the program covers the solar collectors and the storage
tank too, but there are required specifications that each system must cover. The
specification for the new system are:

e If the hot water cylinder can hold up to 200 liters, it is energy class B or
higher, if it can hold more than 200 liters, it is energy class C or above.

e Solar panels must be certified by Solar Keymark.

e The solar water heater must be installed by certified contractors whose
company is registered in the Register of Small-Scale Installers of RES
Systems — Category D: Installers of Solar Thermal Systems.
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Cyprus uses fossil fuels to provide 93% of its energy needs, to fulfill this percentage
approximately 1000 tons of Mazut are imported, but this comes at a cost because as
a member of Europe, there are a lot of energy requirements for every country, and
Cyprus does not meet the standards, the results are more taxes and fines. In contrast
to the European Union's target of 19% of renewable sources, Cyprus intends to
significantly raise this percentage from 13.9% in 2020 to 22.9% in 2030 [9]. The
geographical position of the island makes it one of the highest in solar radiation. The
climate of the island provides 300 days of sunshine per year, with 60% of sunshine in
winter and 90% of sunshine in the summer. With these percentages of yearly
sunshine, the number of units installed rises every year, currently is estimated that
there are more than 80,000 units installed with more than 750,000 m?2 surface. Even
though imported SWH are more robust and better designed for efficiency, Cyrpus has
more locally built SWH systems installed. The most used type of SWH is the close-
couple thermosyphon which consists of two flat plate collectors with sizes of 160 x
80 cm and 190 x 90 cm [10].

Cyprus's mean daily solar radiation ranges from 2.3 kWh/m2 in December and
January, when there is the most cloud cover, to 7.2 kWh/m2 in July, when it is at its
highest. The average amount of radiation that is received from areas with typical
weather is 1,727 kWh/m?2. There are 1199 kWh/m?2 of direct radiation, which makes
up 69,4% of the total radiation, and 528 kWh/m?2 of diffuse radiation, which makes
up 30,6% of the total radiation. [10].

For knowing consumers' perspectives on their solar water heaters or why they
haven’t installed one yet in their houses, a study was conducted to help understand
the situation in Cyprus in 2017 [11]. The data of the study were collected from 1000
residential owners and 77,8% of the owners had already installed a solar water
heater. More than half of the owners without SWH, around 51,3%, claimed that they
don’t have sufficient income to make the installation or the initial cost of installation
and purchase is too high. The other percentage without SWH claimed that the house
doesn’t support the installation, or they don’t have access to materials and experts,
or for other personal reasons. Furthermore, 56% of the houses without SWH were
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interested to install one in the near future. The results are shown in figure 3.1:
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Figure 3.1: Results chart of why residential owners haven’t installed SWH.

The owners also stated between which year they installed solar water heating at
their homes. Most of the houses were equipped with SWH in the last decade,
between 2007 and 2017. The results of the installation date are presented in figure
3.2. The most popular use of the hot water provided by the solar water heater is for
bath water, with 86% of the participants in the study agreeing. The other 1.5% is for
cooking, 6.6% is for washing clothes and doing the dishes, and the other 5.9% is for
other domestic needs. 43 percent of the households stated that the SWH does not
provide enough hot water for their needs between the hours of most use, while 12
percent of the households stated that they have plenty of hot water when they need
it. One of the main reasons for installing SWH is to minimize the electric bill of each
household; half of the houses that participated in the study agreed to that. The
majority of the owners are satisfied with the savings and reduced electric bills that
the SWH provides; in fact, 84% of the owners are satisfied. Solar water heating is
considered a necessary feature for buildings in Cyprus as 82% of the households
stated. More than 80% of the residential owners that participated in the study were
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Figure 3.2: Chart of solar water heating date of installation
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more than satisfied with the SWH installation, also they are willing to encourage
owners to install SWH if they haven’t yet.

The annually installed surface of solar water heating in Cyprus is shown in figure 3.3.
As the graph shows in 2012 there is a descent in the installation of solar water
heating, this is because between 2012 and 2013 there was an economic crisis, which
was the largest financial crisis that Cyprus has ever faced. For that reason, lots of
constructions and buildings were put on hold. A few years later, in 2017 when the
economic crisis was over and also the legislation for new buildings stated that 25% of
a building's energy must be from renewable sources, the annual installed surface for
that year increased enormously. Also, for the next years and until today the annual
installed surface keeps increasing, and if we compare 2011 and 2021, after 10 years
the annually installed surface has increased more than 2.5 times. These results show
that in Cyprus every year more consumers turn to solar water heating thanks to the
legislation and the sponsor programs of the Cypriot cabinet.
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Figure 3.3: Annually installed surface of solar thermal collectors in Cyprus
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4 Chapter 4. Latest advances and innovations
Solar thermal systems have drawn significant interest from the scientific community,
due to their great efficiency and capacity to provide inexpensive home and industrial
heating during the past few decades. In this chapter, there is a review of the latest studies
for innovations and advances in solar water heating.

4.1 Functional elements

4.1.1 Absorber

The absorber is considered to be a core component of solar collectors and a
lot of research has been done to maximize its performance. The thermal
performance mostly depends on the design features and the material properties,
and because of that lots of absorber plates and materials have been tested. The
parabolic shape is one of the most effective absorber plate profiles because it
produces more heat per unit volume than other geometries. Kundu[12]
proposed an unusual recto-trapezoidal (RT) shaped fin in place of a rectangular
fin design and according to the findings of the simulation, the RT profile absorber
plate fin had a higher heat transfer rate per unit volume than other profiles.

To sustain function, an absorber must be unaffected by both internal and
exterior corrosion since metal absorbers are more susceptible to corrosion.
Since polymer-based absorbers are non-corrosive, lightweight, less expensive,
and simpler to make, their use has grown in the last decade. For example,
ethylene propylene diene monomer(EPDM) is a good substance that can tolerate
prolonged exposure to sunlight thanks to recent advancements in polymer
technology [13] A dual-purpose nanocomposite film for efficient solar thermal
energy conversion and storage was created by Shang et al. [14]. By incorporating
Phase Change Materials (PCMs) and some gold nanoparticles into the polyvinyl
alcohol matrix through hydrogen-bonding interactions, this nanocomposite film
was made. When comparing the thermal storage efficiency of the di-functional
nanocomposite film to that of conventional films, the authors found a 201%
improvement, demonstrating a significant increase in energy storage capacity.

The shape of the absorber is proved to be important for optimizing the heat
transfer coefficient. Hassanzadeh et al. [15] investigated the optical and thermal
performance of a pentagon absorber in a medium-temperature solar thermal
collector, both mathematically and experimentally. According to measurements,
the suggested solar collector has shown exceptional results, with an optical
efficiency of 64% and a thermal efficiency of 50% at 200 °C, only with stationary
optical tracking. This idea can be applied to compound parabolic concentrators
with the pentagon absorber sealed in a vacuum tube, as shown in
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Figure 4.1: Schematic representation of a pentagon absorber[15]

figure 4.1. Another study analyzed the shape of the absorber with circular,
elliptical, and semi-circular heat pipes, filled with water at ratios of 10%, 20%,
and 35%. The study showed that a heat pipe with an elliptical cross-section has
a higher gain in thermal energy because of the larger area of the heat pipe.

An interesting solution for reducing the heat loss of an evacuated tube
collector was suggested by Zhang et al.[16]. They investigated the adoption of a
heat shield beneath the absorber of an evacuated tube like the representation
in figure 4.2, the heat shield is a practical and cost-effective tool for limiting heat
loss and optimizing optical efficiency, and overall thermal performance,
according to their calculation findings. This technical innovation enhanced the
collector's thermal performance, particularly at higher operating temperatures.
At high operating temperatures, the thermal efficiency increased to 55%. In
comparison to a collector without a heat shield, the collection efficiency is
around 31.5% higher.
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Figure 4.2: Schematic representation of evacuated tube collector with heat shield
[16]

4.1.2 Collector ducts
The collector’s efficiency is determined to a large extent by the internal pipes.
The riser and the header pipes are the main pipes in the collector, they are
usually made from copper and their diameter determines the flow and the
friction which the flow produced from the thermosiphonic effect must
overcome. The riser pipe is the most crucial one because it absorbs the heat from
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the absorber and transfers it to the heat transfer fluid, so its diameter can change
the solar collector efficiency. The impact of the diameter of these pipes was
investigated by Kalogirou [17] on flat plate collectors with simulations for
diameters ranging from 6mm to 35mm and slopes of 20° to 90°. As a result, the
best system was found to include a header pipe that is 22 mm in diameter, with
20 riser pipes that are 8 mm in diameter, angled at 45 degrees. On the other
hand, the system's performance is more affected by the distance between the
collector's top and the storage tank's bottom, this results in a better performance
of the system when the distance is reduced.

The manifold header of the evacuated tube solar collectors can increase
significantly the thermal power of the solar collector based on the study of Rybar
et al. [18]. In this study, they investigated two evacuated tube solar collectors,
one of which had a conventional manifold header and another one with a
modified interior using a metal foam structural element as shown in figure 4.3.
The effect of the metal foam proved to be significant to the increase of the
collector's thermal power, as the results of the test showed an increase in
thermal power from 85,2W to 201,8W per 1 m? area of the collector and an
increase in the performance improvement factor from 1,14 to 3,20.

Heat pipe condesner casing
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pillars  exchange chamber
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header

Figure 4.3: Modified header manifold with metal foam structural element [18]

A revolutionary micro-channel heat pipe array (MHPA) for a flat plate solar
collector was created and investigated to develop a high-efficiency heat transfer
unit [19]. The MHPA resembles a thin aluminum plate with several separate
micro-channel heat pipes within it, these channels are like micro fins which are
created by the grooves on the metal plate as shown in figure 4.4. The size of the
heat pipe is 60 mm in width and 3 mm in thickness. The MHPA’s main key
elements which are responsible for heat transfer are the evaporator section and
condenser section. Inside the micro-channels, specifically at the peripheral
surface of the channel, the phase transition occurs. Under the influence of
capillary force, the working fluid inside the evaporator section's micro-channel
congeals into the meniscus. The meniscus thin film can be separated into the
equilibrium, the evaporating part, and the intrinsic part. At the evaporating thin
film, the fluid evaporates and turns into saturated vapor, and then, in response
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to the pressure differential, the fluid starts to flow upward from the evaporator
portion to the condenser section. After the vapor condenses, liquid forms on the
condenser section and creates a thin film across the inner surface. This results in
heat transfer due to the condensing liquid film, the internal surface of the
condenser section, and the vapor-liquid interface. At last, the condensing film
finds its way back to the evaporator section in the center of the groove. After
testing, the MHPA’s maximum instantaneous efficiency reached 80%, and after
comparing this system with other conventional ones, the MHPA’s maximum
instantaneous efficiency was at least 25% over the conventional systems. Also,
the collector is reliable because if a micro-channel stops working it doesn’t affect
the overall system. The main material is aluminum which is cheaper than copper
so the initial cost of the collectors isn't high, this makes the MHPA collector even
more attractive to customers. This is one of the best solar collectors that can be
used today.
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Figure 4.4: a)Schematic representation of MHPA and b) cross-section of MHPA-FPC
[19]

In practical applications, the micro-channels might not be the most reliable
as the channels can be blocked with time, and a fair amount of heat will be
lost. A different design was created by Del Col et al. [20] with a prototype
design of a flat plate collector with a roll-bond aluminum absorber. The
transfer medium which is liquid flows inside the roll-bond plate. The roll-
bond procedure utilizes a unique sandwich bonding method to produce
canalized panels. Two aluminum sheets are sandwiched together using a
unique hot-cold rolling method. Before joining the aluminum sheets
together, the required channel design is printed using an unusual ink on the
inner surface of a sheet. The ink prevents the welding of the inner surfaces
where it is applied. By expanding air at high pressure, the unwelded network
of channels can finally be raised. After testing the roll-bond aluminum
collector it was found that this collector has higher efficiency than the
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standard copper collectors. Also, the collector was tested with different
coatings like a black coating and a semi-selective coating, and the black
coating proved to be better for efficiency. The advantage of this collector
over the standard copper collector is the lowest cost for the build due to the
use of aluminum and the unlikeliness of cracks or blocks in the tubes.

The price for a solar collector is between €1000 and €3000, and for some
customers, this price may seem too much, especially in countries with
tropical weather where the temperature and the sun's solar irradiance are
high, and the need for the most advanced solar collector is unnecessary. An
interesting design using polymeric materials like Low-Density
Polyethylene (LDPE) tube for a collector duct has been created and tested.
The collector is made from a single long LDPE tube that runs through the case
in series as shown in figure 4.5, the diameter of the hose is larger than usual
due to pressure drop problems. The collector’s tube is covered with
transparent plastic materials like air-packed LDPE and polyester thin films
which helps with heat losses, protect the tube, and absorb solar radiation
better. With this design, some of the main components can be eliminated
and the cost of the overall collector can be highly reduced. For example, the
storage tank is no longer needed because of the tube’s large diameter and
huge length, a tube 100 meters in length and 1,5 inches in diameter can hold
around 106 liters of hot water, so the water that is inside the tube is plenty
for a family house. Similarly, the absorbing plate is not needed, and the tube
collects the solar irradiance without the help of special metals and coatings.
Also, the insulation and the glazing cover are replaced by LDPE and polyester
thin films, and the casing and hydraulic joints are much more simple and
cheaper. By reducing the main components the collector is becoming simple
and cheap, this collector can be built with 60 or 70 euros which is way less
than a conventional flat plate collector. The collector during summer can
reach temperatures of 70°C-80°C and during winter 35°C -40°C. The peak
efficiency of the collector is 80% and the average is 64%. The bigger the
diameter of the hose the lower the peak temperature, so the customers can
choose the diameter of the tube to meet their standards. The biggest
drawback of this design is at night or when it becomes cloudy the water’s
temperature is reduced fast because of the heat losses. The future of this
collector is promising due to the low cost, with some modifications to the
transparent tube and the glazing to reduce heat losses or to gain more solar
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irradiance, the collector can be a low-cost solution for countries with hot
climates [21].
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Figure 4.5: Schematic drawing of the hose collector mounted on the roof [21]

A high-performance novel duct type was created and tested on different
collector types by Sharma et al. [22]. A mini-channel evacuated solar
collector with the absorber enclosed in an evacuated glass envelope. The
fluid flows inside parallel tubes with a diameter of 3 mm, unlike conventional
tubes with a diameter of 25 mm, and a U-shaped configuration. The mini-
tubes are spaced by 1mm and they are connected directly to the absorber,
also the absorber has no fins attached and has a selective coating on the
outside. The heat is transferred to the transfer fluid faster due to an
increased contact surface between the tube walls and the transfer fluid,
resulting in higher efficiency of the overall system. The collector’s main
drawback might be at low temperatures when the fluid is cold or when the
solar irradiance is low the pressure drop inside the ducts is too high and a
pump might be needed for the collector to reach an operating point. Another
disadvantage is the problem with blocked channels as salts could block
channels, a solution is the use of distilled water in a closed system as an
indirect system. The use of mini channels was also tested on flat plate
collectors by Mansour [23] but this time with a square shape, with a 2 mm
hydraulic diameter and 4mm pitch. This collector showed a 16,1% higher heat
removal factor than conventional collectors, and also reached an
instantaneous efficiency of 92%. Both collectors equipped with mini channels
should be designed with a higher water flow rate because the thermal
efficiency increases. Mini-channel-based flat plate collector was tested using
nanofluids as a heat transfer medium, with 25nm nanoparticle size and
volume fractions up to 4%. The tested nanofluids had a higher heat transfer
coefficient compared to water, but the one with the highest was the
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Al,03/water nanofluid. The increase in nanoparticles in the water mixture
increases the outlet temperature, so Cu/water had the highest outlet
temperature, but had the lowest efficiency. The highest efficiency is gained
from SiO2/water nanofluids but with this nanofluid, the entropy generation
increases more, entropy generation usually is reduced when nanofluids are
used except SiO2/water nanofluids [24].

4.1.3 Transparent glass cover

The glass cover is used to limit the loss of heat from the solar panel to the
environment. Glass with low iron has solar transmittance of 90% which is
excellent, but to increase the thermal efficiency of the collector researchers
found that by applying a coating the transmittance of the glass increases and
reduces the heat loses, so the total efficiency of the system increases. The easiest
way to reduce heat losses is the use of multiple layers of glass, most usually
double glazing, with gaps of air as insulation, or by attaching a thin layer of plastic
to the glass.

Nowadays most researchers study the use of polymeric materials for coatings.
A study of the optical properties of transparent conductive oxides(TCOs) by
Ehrmann et al. [25] showed promising results. TCOs can be used on transparent
glazing due to their antireflective properties. The thin film is created using a
plasma vapor deposition process, which accelerates the ions and deposits them
on a target material made of ZnO and Al,O3 to create the film, this method is
known as magnetron sputtering. The solar transmittance of these layers of glass
and film is 85% which is higher than the ordinary ones because of the anti-
reflective coating and the low-emitting coating’s ability to absorb more energy.
The overall efficiency of the collector increases by applying the low-emitting
coating up to 77%, a significant increase at low solar irradiance and high
temperatures was reported. The low-emitting coating can also help with
moisture condensation when it is applied to the outer surface of the glazing
cover. The results of transparent conductive oxides are positive and can help to
improve the flat-plate collector's efficiency even at temperatures that exceed
100°C.

Low emissivity coatings can reduce the radiative heat losses of glass panes for
solar energy utilization but their optical qualities have a significant impact on
their efficacy due to their optical qualities that do not always match the
application that they are used. Giovannetti et al. [26] considered uncovered,
single-glazed, and double-glazed designs while examining the performance of
glass with high transmittance and spectrally selective coatings for use in flat-
plate panels. The results showed that adding a spectrally selective cover to
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single-glazed collectors with highly selective absorbers does not equate to
increased performance of the collector and the overall collector’s efficiency
decreases due to the extra optical losses of the coating.

The most used glazing cover is made out of glass, due to its low production cost
and its properties to absorb solar radiation. In an attempt to find a more efficient
flat-plate solar collector a few other materials were explored and compared with
glass. The materials that were tested were polycarbonate, polyethylene,
polyvinyl fluoride, polystyrene, and polyester. Using the mentioned materials the
influence of solar irradiance, heat removal factor, overall heat loss coefficient,
and ambient temperature on the efficiency was measured. Polyvinyl fluoride
glazing has the highest efficiency when considering how solar radiance affects
efficiency, since Polyvinyl Fluoride has a relatively higher transmissivity
compared to the other materials used in the experiment the overall efficiency
was expected to be higher. Also, the same result appeared for the variation in
intensity the overall efficiency was at its highest when the heat loss coefficient
was at its lowest. The heat loss coefficient on efficiency showed that maximum
solar irradiance produces approximately the highest efficiency since as solar
irradiance increases, a higher temperature gradient will occur and a higher
guantity of heat will be transferred to the working fluid. Heat removal factor also
affects the heat transfer rate positively, this results in a higher temperature limit
of the water at the outlet and an improved solar thermal collector’s
efficiency[27].

The glazing cover, as mentioned before, is made of glass, but its thickness can
cause the solar collector’s efficiency to increase or decrease. In order to analyze
and find the optimal glass thickness a study was conducted using different glass
covers. The test was conducted using 4 flat-plate solar collectors equipped with
low iron glasses, all of them with the same properties but with different glass
thicknesses. The glass thicknesses that were tested were 3 mm, 4 mm, 5 mm,
and 6 mm. The thinner the glass the higher the transmittance due to low
reflectance, but it causes losses convection losses to rise. The results showed that
glass with a thickness of 4 mm can maximize the solar collector’s performance
by 7,6% over the other glasses that were tested. With this knowledge, the
performance of a solar collector can easily be increased, the only risk that comes
with thinner glass is the risk of glass breakage during the installation or due to
bad weather conditions [28].

Thin nanostructured films can be applied to the transparent cover to maximize
the solar transmittance with the same visible reflectance value, this is because
of the lower refractive indices of those films. An example of those films is the
nanoporous SiO; and the quaternary Mg-F-Si-O film. These films were created
by sol-gel dip-coating and then with subsequent thermal annealing in a
contaminated area without particles in the air. The refractive index of those films
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was measured with spectrophotometric analysis. The SiO; film with a pore
volume fraction of 30% and a pore size of 3 nm was determined to be between
1.32 and 1.35 at a range of 300 nm and 900 nm. The Mg-F-Si-O film’s refractive
index was even lower at 1.26 and between the range of 300 nm and 900 nm, this
was achieved with a ratio of 50% Magnesium and 50% Silicon. Both of the films
that were created were highly transparent, the nanoporous SiO; spectral
transmittance reached 98.5% and the quaternary’s Mg-F-Si-O reached 99.5%. As
these coatings have incredible properties they also have an issue, the possibility
of deterioration caused by hydrocarbon pore-filling, so the use of multilayer
stacks can cause the film to be destroyed[29].

The installation of plastic Transparent Insulation Materials (TIMs) as glazing
cover or adding the TIM under the transparent glass cover as shown in figure 4.6,
can help the collector to reduce thermal heat losses. The effect of TIMs is
controversial as they can increase a collector’s efficiency at high temperatures
due to reduced heat loss, but at lower absorber temperatures the conventional
collector can perform better because of the reduced solar energy transmittance
due to TIM installation. Although, the reduced solar transmittance can be
covered by the amount of heat loss that the transparent insulation can cut off.
For flat plate solar collectors the most used TIM products are polymer sheets,
cellular profiles, capillaries, polycarbonate honeycombs, and silica aerogel. After
testing the flat plate collector with TIM and compared to a traditional one, to
benefit from the TIM installation the temperature of the system must reach 51
°C and above. Another advantage of TIMs is the low extinction coefficient, this
can help the efficiency because the wider the expansion that the absorber
temperature domain has the more efficient the system is [30], [31] [32].
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Figure 4.6: Schematic representation of flat plate collector with TIM [32]
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41.4

Thermal insulation

Thermal insulation is used inside the tank and the collector for the reduction
of heat transfer to the environment. We can increase the system's efficiency by
reducing heat loss. The most popular insulating materials utilized for these
applications are mineral fibers, polyurethane foams, or mineral fiber-
polyurethane composite which have greater thermal and mechanical
performance. The use of environmentally friendly materials has been most
common lately, a study for date palm wood was put to the test in a solar air
heater to see how well it performed in comparison to glass wool. The thermal
efficiency of insulators with petiole piece, fibers piece, petiole powder, fibers
powder, petiole plus gypsum, and fiber plus gypsum characteristics were
examined. The findings showed that the collector with date palm wood
insulation had a thermal efficiency that was 37.7% greater than that of glass wool
insulation. Compared to Petiole's gypsum-insulated collector, the average output
air temperature of the glass wool-insulated collector was 7% lower [33].

Another natural material that can be used for insulating the solar collector or
the storage tank is coconut noir. Coconut noir is the outside shell of the coconut
and is considered to be a natural waste product in most food industries, so there
is plenty of quantity available at low cost. The thermal conductivity coefficient of
coconut fiber is less than 0,04 W/m K so the panel’s made out of coconut noir
can have low values of thermal conductivity as 0,160 W/m K. The thermal
efficiency of glass wool which is an excellent insulating material is the same as
coconut coir. In order to test coconut coir’s thermal efficiency it was tested inside
a flat plate collector and compared to the same collector which is insulated with
polypropylene drinking straw insulation polypropylene. The collector insulated
using coconut noir had 13,7% higher thermal efficiency that the other collector
with the thermoplastic polymer material. This shows that there are cheaper
natural materials available that can replace other more expensive materials like
glass wool [34].

Nowadays, the ecology is negatively impacted by increased agricultural output,
especially when it comes to the usage of agricultural waste. Two of the most
noteworthy byproducts that originate from agricultural waste are rice husks and
sunflower stalks. In order to use cleaner technologies and renewable materials
an experimental study was conducted, using rice husks and sunflower stalks they
created insulating boards for solar thermal collectors. The different insulating
boards that they tested were constructed with each one made up of a different
ratio of rice husks, sunflower stalks, gypsum as a binding material, and jute
thread as a design piece. Before the boards were made separate samples of
sunflower stalks and rice husks were dried in the oven at 150 degrees for times
between 10 and 120 minutes. After testing each board's thermal conductivity
and the solar collector's heating cycle temperatures, the results revealed that the
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boards made from agricultural waste could be substantially similar to glass wool
in terms of heat loss and thermal insulation. These materials can replace
traditional materials in the production of thermal insulation boards in a practical
way [35].

Upon assembly of the collector, the air moisture that is trapped within will
ultimately condense and seep through the insulation. To avoid this problem,
silica gel desiccant is used inside porous bags to absorb moisture. The desiccant
is also used for the area between the glazings, tiny holes allow trapped air to
come into touch with the desiccant through the surface of the spacers facing the
gap between the panes. The use of desiccant is necessary to prevent the
condensation of water on the glass cover. Moisture can reduce the overall
efficiency of the system because of increased heat loss from the glazing cover
due to increased thermal conductivity. Additionally, moisture can block solar
irradiance from reaching the absorber which is a major problem [36].

Reducing the heat losses from the transparent glass and the collector’s
casing with the same materials is revolutionary progress. A nanostructured
material with excellent solar transmittance and low heat conductivity like
silica aerogel granulate can do both and it is ideal to use in a flat plate solar
collector. Silica aerogel has a heat transfer coefficient of less than 0,4 W/m?2K
and solar transmittance of 88% for 10 mm of stacked bed silica aerogel. The
silica aerogel was tested using a flat plate collector filled with aerogel
granules and insulated with 1 cm of insulation, the front part of the collector
had a heat transfer coefficient of 1,4 W/m?K and 0,5 W/m?2K at the back. A
traditional collector with white glass for glazing and 5cm mineral wood for
insulation is managing 2,4 W/m?K at the front and 0,8 W/m?2K at the back for
the heat transfer coefficient. Comparing these values, the estimated heat
loss is reduced by 40%, and the collector’s size is reduced due to the reduced
insulation thickness. The U-value of the overall system is also reduced using
the silica aerogel and the difference to a traditional collector is enormous. By
increasing the insulation’s thickness at the back to 4 cm the heat transfer
coefficient can be reduced to 0,15 W/m?2K which is extremely low, to achieve
this value using mineral wool as insulation the needed thickness must be
more than 25 cm [37].

4.1.5 Thermal energy storage systems
Energy storage is one of the biggest problems in every system that requires
storing energy for later use. The storage of thermal energy may be done with a
variety of materials, like water, molten salts, thermal oils, and concrete blocks.
The most common and ideal material for applications with low temperatures,
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under 100°C, is water because of its abundance, its high specific heat capacity,
and lack of toxicity. When higher temperatures are needed the most suitable
materials in liquid form are thermals oils and molten salts, due to their ability to
stay in the liquid phase, unlike water.

These days the demand for thermal energy is growing and so is the volume of
the systems. Thermal energy storage systems can be placed underground where
the outer temperature does not change, this type of system is ideal for seasonal
and long-duration storage. The storage medium can be eath materials like rocks
and sand or water in a tank. Water systems are made of stainless steel or
concrete and must prevent heat losses to the ground, so the tank is surrounded
by a thick layer of insulation, the insulation layer is usually made of glass wool,
polyurethane, or foam glass, and in some case, it can reach 1 meter of thickness.
Similarly, the interior of the tank is coated using geomembranes, bentonite, or
clay to avoid any water or vapor from escaping through the tank’s walls. They
can reach temperatures of 95°C maximum and can last up to 30 years of use.
This type of storage system is more suitable for a complex of households and in
countries that do not have available solar energy every day. The cost of this
system is too high for some consumers. A representation of a water system is
shown in figure 4.7.
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Figure 4.7: Representation of a water tank seasonal system connected to a
block of houses [38]

A useful system for energy storage is the borehole system, this type of system
can only be used when the ground has a high specific heat, and high thermal
conductivity but with the lowest hydraulic conductivity possible. This system
requires the ground to be drillable to depths of 30-100m, which is extremely
difficult. Inside the drilled holes a vertical tube heat exchanger is placed, and the
space between the heat exchanger and the borehole is filled with high thermal
conductivity materials like bentonite, portland, cement, silica sand, and others.
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The surface of the hole is covered with thermal insulation materials to prevent
heat losses. This type of system has a high initial cost and without the proper
study on the ground it cannot be installed, so the overall cost tends to increase
for this type of system. Furthermore, this thermal energy storage system is ideal
for countries with cold weather and long winters. [38]
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Figure 4.8: Representation of a pit-type seasonal system connected to a block
of houses [38]

The use of phase change materials is gaining lots of interest in the last few years
due to their ability to store enormous amounts of thermal energy, for example,
the concrete’s sensible heat capacity is around 1.0 kJ/kg K and paraffin’s wax
which is an example of PCMs’ is 154 kJ/kg K [39]. Traditional storage tanks with
water suffer from great amounts of heat loss and their large size does not help
at all. Storage tanks using phase change materials can be smaller as the needed
water volume is significantly smaller. PCMs can also help the absorbance and
release of heat continuously and more stably. Also, another advantage over
water is that the PCMs do not boil like water, this saves the tank from lots of
problems and can store even more heat at higher temperatures. The use of PCMs
in water tanks is currently under investigation because there are some problems
with their use that do not help, for example, some of them are corrosive, and
there is also the problem of supercooling and phase separation when they
change phase [40].
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Latent heat integration with household solar water heaters is a technology that
was discovered years ago, but its economic viability has not been helpful at
all.PCMs have the ability to hold enormous amounts of latent heat because of
their phase-change behavior, the only problem that exists today is their short life
and high initial cost. An interesting approach to solving this problem was made
by Minh Tri Luu [41], who created a latent heat storage system that can store
energy like a battery and merge it with a domestic solar water heater, this way
the old water tank was removed as it was no longer needed. The latent heat
battery (LHB) is a heat exchanger with a tube shape and consists of copper tubes
and PCMs. The hot water flows through the tubes and the PCMs surrounding the
tube’s external surface collects the heat, as in figure 4.7. After putting the solar
system together a yearly simulation took place in Australia, the results showed
that by using the latent heat battery the overall system uses 86.6% less fossil fuel
than a conventional system, and also increased the solar heater’s fuel-saving
97,4% compared to the 81,7% that the conventional domestic solar heater’s with
sensible heat has.
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Figure 4.9: (A) Schematic diagram for latent heat battery, (B) front-view of a PCM segment,
(C) side-view of a PCM segment [41]

By inserting PCMs inside the collector the need for a storage tank can be
eliminated if the need for storage isn’t high. Special stearic acids were developed
in order to increase thermal conductivity, heat release capabilities, and heat
transfer performance. Stearic acid and expanded graphite with a 6 % mass
percentage were mended via melting impregnation. The final mixture showed a
great thermal conductivity, 9,6 times higher than the original stearic acid, and
with a value of 2,5 W/ mK. Furthermore, this composite proved to be the most
effective for solar water heating as the melting time was 63,3 % lower than the
stearic acid and the heat release time 3.6 times faster [42].

34



The short life of PCMs and the high initial cost can be lowered by optimizing the
water flow. A study proved that by testing a shell-tube thermal energy storage
system with paraffin wax at different flow rates the total life cycle cost can be
reduced. The solar collector system that was tested consists of two storage
tanks, one filled with PCMs and the traditional water storage tank. The system
was designed this way to be able to control the flow that goes through the
thermal energy storage while the other goes to the water storage tank. By
adjusting the flow through the thermal storage tank the exergy and energy
efficiencies and costs were calculated. With water flow rates of 0,033 kg/min and
0,167 kg/min the energy efficiencies reached 63,88% and 77,41%, respectively,
although the exergy analysis revealed that due to the increased flow, the exergy
efficiency decreased from 9,58% to 6,02%. The increase of the flow rate to 0,167
kg/min reduces the total cycle life cost by 45,395 [43].

One of the main properties of paraffin wax is its low conductivity and high
viscosity, this means that it cannot be used as a heat transfer medium, but it cant
be mixed with water inside a collector’s manifold and help with thermal
performance. An experimental study was conducted by Saffa et al. [44] using a
new cylindrical evacuated solar collector design with different paraffin
wax/water mixtures inside the collector’s manifold. The collector consists of a
shaped aluminum sheet connected to the tube, the outer tube, the inner tube
coated with a selective coating, a wooden insert for insulation, an aluminum
sheet that covers the insulation, and the energy storage material. The energy
storage material is changed with different water/paraffin wax mixtures. The
mixture with 25,28% water performed better and had the highest thermal
efficiency.

Another similar study by Naghani et al. [45] with an evacuated tube collector
whose heat pipes were connected to a manifold full of phase change materials.
The manifold is used as a latent heat thermal energy storage tank, as solar
irradiance collected from the absorber is transferred to the PCM tank to heat the
domestic water. This is possible due to a finned exchanger inside the manifold.
The collector's thermal efficiency was steady between 55% and 60% even at
significantly higher flow rates than similar conventional collectors. This collector
seems to be ideal for applications when higher flow rates are important, but it
can be used for domestic and provided better performance than traditional
collectors.

With the same idea but a different approach Abokersh et al. [46], developed a
U-pipe evacuated collector but this time the PCM is placed inside the evacuated
tube itself. The tubes and the inner glass tube are covered with an aluminum fin
to enhance the heat transfer to paraffin wax's low conductivity. The collector’s
total discharged energy is 47,7% higher than conventional collectors. Also, based
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on long-term predictions the collector might reach 85,7% annual average
efficiency.

4.1.6 Heat transfer medium
Heat transfer using water or a combination of water and ethylene glycol is
mostly used in solar collectors for domestic use. To increase the effectiveness of
energy systems, new heat transfer fluids have been developed. These fluids
combine classic heat transfer mediums such as water, ethylene glycol, and oil
with solid nanoparticles of metal or metal oxide smaller than 100nm.

An interesting study was conducted by Mintsa et al. [47] by measuring the
thermal conductivity of alumina and copper oxide based nanofluids. This water-
based nanofluid was created by combining Al,Os nanoparticles with average
sizes of 47 nm and 36 nm, or with CuO nanoparticles with an average size of 29
nm. The experiment showed an increase between 2.0% and 24,0% with the
nanofluid which had the CuO nanoparticles in a fraction of volume between 1.0%
and 14,0%. The nanofluid with Al,Os performed better with the thermal
conductivity reaching an increase of 30,0% in a fraction of volume between 1,0%
and 18,0%. Lots of research have been conducted with different combination of
nanoparticles and fluids, like ethylene glycol with TiO, or Al nanoparticles, and
oil-based fluids with Al,03, CuO, ZnO, and Cu nanoparticles. These nanofluids
were tested in different temperatures and fractions of volume. The experiment
results were promising because all nanofluids showed an increase in thermal
conductivity, with the lowest at 8,29% and the highest at 21,76%. Furthermore,
the nanofluid’s heat transfer coefficient has been examined. A nanofluid was
tested in a circular tube with the effect of turbulence flow, using a water-based
nanofluid with Al,O3 nanoparticles with a 40.0nm diameter. The heat transfer
coefficient indicated an improvement of up to 23.0% above the base fluid [48].
Another study by Ziyadanogullari et al. [49] confirmed the high performance of
nanofluids in a flat-plate solar collector with the Cu/water nanofluid managing
an increase of 87,8% compared to water, with a concentration of 0,2%. The
Al,03/water nanofluid showed an increase of 71% and last the TiO,/water
nanofluid with an increase of 52,5%. The nanofluids may look like a perfect
replacement for water but due to the increased viscosity the pressure drop
increases and leads to other types of losses.

In most heat pumps, freezers, and air conditioners, heat transfer fluids are
composed of refrigerants. One of the significant advancements in solar
technology is the use of refrigerant-filled solar collectors. Since they have lower
boiling temperatures and higher heat capacities than other fluids, refrigerants
are more efficient than other heat fluids, especially when it's foggy outside.
Numerous studies have been carried out to examine the efficiency of the 2-phase
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heat transfer technique used in the solar water heating system. For example, the
performance of R-11 refrigerant in the thermosyphon collector was tested for
domestic use. According to experimental findings, employing a two-phase
refrigerant has a greater peak instantaneous efficiency than utilizing hydronic
fluid.

Magnesium oxide nanoparticles with a 74,5 nm average size were used for the
manufacture of a nanofluid. MgO nanofluid was tested inside an evacuated heat
pipe collector and showed an increase compared to water. The increase is based
on the increased convective heat transfer coefficient of the nanofluid. Also, the
higher the concentration the higher the efficiency of the heat pipe. In addition to
that, the thermal performance of the collector is improved by increasing the flow
rate[50]. Furthermore, Daghigh and Zandi [51] proved that using MWCNT, CuO,
and TiO; nanofluids in an evacuated solar collector can improve the collector’s
efficiency in winter by 25%, 15%, and 7% respectively. Nanofluids have the ability
to heat the storage tank’s water faster due to higher thermophysical properties,
the nanofluids can achieve higher temperatures which means higher heat
transfer to the domestic water inside the storage tank.

4.2 Photovoltaic thermal solar collectors

Photovoltaic thermal collectors (PVT) or hybrid solar collectors combine a solar
panel and a flat plate solar thermal collector. The solar panel absorbs the sun's
radiation and converts it to electricity while the flat plate collector collects the unused
heat and the heat from the working solar panel, and transfers the heat to the transfer
fluid. This way, the photovoltaic module works at lower temperatures especially
when the ambient temperature or the solar energy is too high. The efficiency of the
photovoltaic cells improves by removing heat from the cells and lowering the
temperature. Lower operating temperatures also have the advantage of extending
the lifespan of photovoltaic cells.
The two main categories that photovoltaic cells can be divided into based on design
are photovoltaic thermal liquid collectors and photovoltaic thermal air collectors. The
PVT air collectors instead of using liquids like water use air to absorb the waste heat
from the photovoltaic module. The main advantages over liquid collectors are the
simplicity of the structure and lower cost. PVT collectors can reach temperatures up
to 95 degrees.

The development of photovoltaic thermal collectors in the last few years has grown
extensively due to their ability to combine two forms of energy and achieve higher
efficiency than the two systems separated. Interesting research was conducted by
Erdil et al. [52] who tested PVT liquid collectors using water and composed of two
photovoltaic modules. The study took place In Cyprus and according to the island's
households, the minimum system for the electrical demand is ten PV modules. The
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system with the two modules lost 11,5% of its electrical energy for water circulation,
absorption, and reflection of the glass. This may sound a lot but for a typical
household in Cyprus, this percentage of electrical energy loss equals 1% of the daily
required energy. The study also showed that in less than 2 years it can recover the
investment for the updated system.

A new type of hybrid solar collector was developed and tested by Liang et al. [53].
The PVT solar collector was filled with graphite as shown in figure 4.10, to check
whether the efficiency of the collector increased. After testing it side by side with a
conventional PVT collector the PVT collector filled with graphite showed a higher
mean value of electrical efficiency at 1.29 while the highest electrical efficiency
reached 7.2%. Also, a huge difference was recorded in the backplane temperature
due to solar radiation, with a temperature difference of 16.74% between the two
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Figure 4.10: Schematic part sectioned view of PVT solar collector filled with graphite
[53]

In contrast to the traditional hybrid system, Tuafek et al [54]. researched a new PVT
solar collector system with water that improved both thermal and electrical
efficiency. The monocrystalline photovoltaic module for the PVT system has a 0.33m
width and a 1.29m length, and it is installed inside an absorber made of galvanized
steel. Due to the unique design of the absorber, it can contain fluids like water, glycol,
and others. The system is insulated on all sides with glass wool, as shown in figure
4.11. The thermal efficiency of the collector was tested according to the ASHRAE
standards 93-86 and the efficiency was between 50% and 80%, this ensures that this
novel PVT collector system is more effective than the conventional one, whose
efficiency does not surpass 50%.
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Figure 4.11: Schematic representation of the new hybrid collector prototype, with 1.
photovoltaic cells, 2. heat insulation, 3. entry of the coolant, 4. exit of the coolant, 5.
galvanized iron steel structure [54]

The design of the PVT collector can change the thermal efficiency of the overall
system. A study recently showed that changing the panel configuration of the system
can help the thermal collector gain more energy and also help the photovoltaic
module produce more energy. To identify which panel layout gives the optimum
performance in terms of ideal PV efficiency and available thermal energy, many
combinations of different water flow rates and panel configurations have been
examined. Regardless of the chosen configuration, configurations using the highest
water flow rates resulted in higher system efficiency. The high flow rates might be
better for overall system efficiency but this results in low inlet temperature and outlet
temperature because there is not enough energy for the fluid to collect. This means
that the heat transfer fluid can only be used for preheating applications. Furthermore,
the results of the study were promising and revealed that for the vertical design, the
available energy is 675.46 kWh/m? per year, and for the horizontal design, the
available energy is 691.04 kWh/m? per year, while the photovoltaic modules obtained
an efficiency of 4.74% and 5.44%, respectively [55].

After all this research and studies on photovoltaic thermal solar collectors, the
easiest way to enhance the performance of the collector is to optimize the design of
the overall system. The optimization of the PVT collectors includes the following
variables, the number of collector tubes, the mass flow rate, the collector's angle,
azimuth and material, and the storage tank volume. After testing the different
combinations using computer software the optimal control settings are with copper
collector plate material, collector azimuth due south, mass flow rate 0.01 kg/s-m?, 12
collection tubes, collector angle 25°, and storage tank volume to area ratio 123. The
collector with the optimal parameters reached electrical efficiency of 14.29% and
thermal efficiency of 44.96% which are 1.55% and 10.9% higher than the standard
system respectively. [56]

4.3 Innovative designs
A new dual-purpose solar collector that provides hot water and air simultaneously
has been created and tested. The collector is made from a traditional flat plate
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collector after some modifications like changing the absorber and the air gap in the
interior. The absorber consists of L-shaped aluminum fins and there are 13 copper
tubes welded at the bottom of every fin as shown in figure 4.12. The fins are lined up
under the glass for the air to flow through them and under the glazing cover and
collect the heat. The collector’s air channels closed when the water is circulating
through the collector because there isn't enough heat supply to heat the air and
water simultaneously. Similarly, the water tubes are closed during the air heating to
avoid water circulation, when the water is heated starts circulating due to density
difference, this way the heat stays in the absorber's fins and is collected with the
airflow. The collector can be used only as an air heater or as a water heater, this
depends on the demand for air and water in each household. The collector has a 50%
average efficiency for water heating and a 55% of average efficiency for air heating.
The efficiency of air heating can be increased with lower airflow rates. This type of
collector is suitable for winter as the warm air that it produces can heat a household
when hot water is not needed or when the water reaches a temperature limit, for
example, 50°C is enough for bathing and other home needs [57].
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Figure 4.12: Schematic drawing of air and water collector and cross-section [57]

An integrated collector storage solar water heater (ICSSWH) with a unique design
has been created to lower the initial cost of the system by simplifying the design and
increasing the performance. This type of collector consists of a cylindrical tank placed
inside a stationary compound parabolic concentrating reflector trough. The tank is
placed across the center of the trough to absorb the reflecting radiation. While
building ICSSWH three types of collectors were tested with three different
acceptance angles, the first with 180°, the second with 90°, and the third with 60°.
The results showed that in the lower range of temperature/irradiance, the most
efficient ICSSWH is the first with an acceptance angle of 180° and daily mean
efficiency ranging between 0,42 and 0,53. On the contrary, at higher ranges of
temperature/irradiance, the second ICSSWH with an acceptance angle of 90°
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performed better with a higher mean efficiency of 0,46. The ICSSWH can heat water
up to 95°C but that depends on the solar irradiance and the storage tank size. The
installation is easier and simpler because of the compact size and the no need for any
attachments like flat plate collectors. The biggest drawback of ICSSWH is during the
night when there is no solar irradiance the heat losses are enormous because the
storage tank has no insulation. To reduce heat loss at night, the easiest way is to apply
a nanostructured coating to the glazing cover or by installing a transparent cover
made from transparent insulation materials (TIMs), of course, this will not eliminate
the problem [58].
4.4 Integrated solar thermal collectors

Integrated solar collectors are usually used in modern houses or when there isn’t
enough space for other collector types. These collectors are integrated inside
buildings outside walls or on the roof as a part of it, most of the time they place on
the south-oriented part of the roof and walls. They have high efficiency but the main
advantage is the way they are hidden, someone cannot identify or spot the collector
easily.

A new innovative design for an integrated solar collector has been constructed
especially for households who don’t have the option to install a collector inside walls
or the roof. The new concept places the solar collector inside a gutter, this way the
collector cannot be seen from the ground. The gutter with the collector can be
installed easily all around the house and can also collect rainwater from the roof like
a proper gutter. The collector inside the gutter is built based on flat plate collectors,
it consists of a glazing cover, the hot and cold tube, a selective absorber, and
insulation at the bottom as shown in figure 4.13. Attached to the absorber there are
2 tubes the hot tube and the cold tube, the cold water that leaves from the tank flows
inside the cold tube which is attached to the absorber plate. After the cold water
passes through the lower tube it starts to warm up and then the water flows through
the hot tube which is the upper one and collects the heat from the absorber to heat
up. The collector’s instantaneous efficiency reached 60% and when collectors are
installed around the roof’s perimeter the collectors may be more than enough for a
single household [59].
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Figure 4.13: Scheme of integrated solar collector (cross-section) [59]

Concrete is ideal for heating storage due to its ability to hold an enormous amount
of energy, so the use of concrete matrix in an integrated solar storage collector has
been constructed and tested. The use of concrete matrix for storage eliminates any
problem with leaks, it is easy and simple to make, it can be produced locally, and does
not cost as much as other solar collectors used for domestic water heating. The
collector consists of a highly transparent glazing cover, a thin concrete layer with 40
mm of thickness, and copper tubes that are integrated inside the concrete, the casing,
and the thermal insulation. The absorber is painted with a black coating to help the
concrete to absorb more solar radiation. This integrated solar storage collector is
ideal for warmer climates as it is not the most efficient, but the lower cost and the
elimination of maintenance make it a long-life ideal collector. The collector was
tested during winter time and the results showed that has a daily efficiency of 32%
and can provide a household with 140-180 liters of water at a temperature between
42 and 46°C. This efficiency number for the winter season is very similar to other
traditional solar systems and confirms that this solar system can produce 80% of the
annual hot water requirements of a household. Similar to other integrated solar
thermal systems the biggest drawback is the heat losses during the night, as the
absorber acts as storage the heat losses are massive due to no insulation. This
collector can be installed into a house wall which can be aesthetically attractive [60].
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Another innovative solar integrated collector storage system with the collector used
as a storage unit was created and analyzed. This time, the collector consists of just
four cylindrical pipes made out of stainless steel. Also, the overall system is composed
of transparent glazing, insulation by a polyurethane layer, and the casing which is
made of a galvanized aluminum alloy as shown in figure 4.14. This is an open-system
collector, so when the collector absorbs solar radiation the water inside the stainless
steel pipes rises towards the outlet which is at the top of the pipe. Then the hot water
stays at the top of the pipe and is ready for consumption. The low efficiency at
thermal conversion doesn’t make this kind of system attractive to consumers. As the
hot water leaves the collector cold tap water enters, this mixing of cold water with
the heated water reduces the temperature of the hot water too fast. The prototype
collector was put to a 3 days test to check the maximum temperature of the water,
the results showed that with solar irradiation of 868 W/m? the water reached 46,9°C.
The collector is compact and can be integrated into walls, and like other integrated
collectors the heat losses during the night are high [61].
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Figure 4.14: Schematic drawing of a solar-integrated collector storage system [61]

A new style of flat plate collector made exclusively from ceramic materials has been
designed to be a part of a building. The absorber is made with ceramic raw materials
like quartz, clay, sand, feldspar, and a V-Ti black ceramic coating which is made from
the tailings of vanadium extraction. The V-Ti black ceramic coating is an ideal material
for solar absorption, after testing, the solar absorptance of this coating is between
0,93-0,97. The production of ceramic collectors it's easier and faster than
conventional flat plate collectors, first, the ceramic materials are mixed with water
and ground until they reach the desired thickness, then the milled mixture is placed
inside the plaster molds, after this procedure the collector is created and continues
to the next step which is drying out and spraying on the V-Ti black ceramic coating.
For the final procedure, the ceramic collectors are calcined at a temperature of
1210°C for a specific time. The wavy black pattern of the absorber makes the collector
suitable for buildings’ roofs and balcony railings as it can be aesthetically nice to look
at. The collector usually is placed inside an alloy frame which protects the ceramic
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absorber with the help of a transparent cover, but the alloy frame can be swapped
with a concrete frame in cases where the collector acts as a balcony rail. Because of
the unusual installation locations, the heat transfer fluid is transferred by a pump, but
for roof installations, it can be transferred naturally. The most effective heat transfer
fluids for ceramic collectors are antifreeze or liquids with the same properties. The
cost of the ceramic collector is much less compared to flat plate collectors made from
aluminum and copper, also the house building cost is reduced as the ceramic
collectors are a part of the balcony railing or part of the roof. The collectors were
tested for their thermal efficiencies, the collector on the balcony's efficiency was
47,1% while the collector’s on the roof was higher than 50%. A huge advantage of
ceramic collectors is their ability to last more than 50 years, which is more than
double compared to traditional solar water heaters [62].
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5

CONCLUSIONS — SUGGESTIONS FOR FURTHER STUDY

This study presents a status development and policy of solar water heaters for domestic
use in Cyprus. It also presents some of the latest the most efficient technologies of every
main component of solar water heaters for domestic use that have been developed in the
last years.

Solar thermal collectors are used extensively on the island of Cyprus, especially
thermosiphonic types like flat plate collectors. Cyprus has the highest percentage of solar
water heating systems per inhabitant, with 1 m? per inhabitant, this is because the
households with installed solar thermal collectors are about 93,5%. On the island,
legislation on newly constructed houses demands the installation of solar water collectors
with specific minimum requirements based on house members. Also, newly constructed
houses must cover 25% of their energy needs with renewable energy, this is possible with
the use of solar water heaters. Furthermore, the Cypriot cabinet encourages people to
replace their outdated, inefficient solar water heaters with more advanced solar
collectors.

In the modern world that we live in every country, environmental sustainability and
economic development are two of the main objectives. Environmental development can
be achieved by natural resource utilization which provides renewable energy. The sun’s
energy is the best natural resource and with the right equipment, it can be harnessed to
a great extent. This can be achieved using the latest and most efficient solar water
heaters, they are mostly used in domestic houses to provide hot water for everyday
applications and needs. Solar water heaters are studied every day by scientists all around
the world, to enhance the performance of the system. It has been proved that expensive
materials and complicated designs that are difficult to manufacture cannot always
enhance the performance of the solar system. Also, the use of materials with low
environmental impact appears to take place on solar thermal collectors.

The efficiency increase based on some of the mentioned innovations has reached almost
a 30% high. The glazing cover coating like nanostructured films and selective coating made
from transparent conductive oxides can enhance the transmittance of the glazing cover
by up to 99,5%. In addition to that they can also reduce heat losses from the transparent
cover. The thermal efficiency increases by almost 38% by using date palm wood as a
thermal insulation material. Also coconut noir can enhance thermal efficiency to a great
value. Collector duct design and materials proved that also increase thermal efficiency,
the mini-channels on a flat-plate collector reached an instantaneous efficiency of 92% and
also increased the heat removal factor by more than 16,1% compared to traditional flat-
plate collectors.

Some main components of the mentioned solar water heaters can be investigated more
to enhance the performance of the collector or the storage capabilities. This may be
possible by using new materials with higher transmittance values and lower reflectance
for the glazing cover. Also, the initial cost discourages a lot of customers from installing
solar water heating, so examining more affordable and flexible manufacturing techniques
and using natural materials that are cheaper may avoid this problem. Furthermore,
studying new designs can help reduce the cost of a collector, with more simple design the
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manufacturing cost is reduced. A more expensive solution to enhance the performance of
the solar collector is by examining solar tracking systems, by tracking the sun more solar
irradiance will always reach the collector, so this can improve the efficiency of the overall
solar system. Improving nanofluids with higher heat transfer coefficients and more
stability during different temperatures will increase the performance of the collector by
far. Heat transfer can also be enhanced by studying new materials and designing
absorbers with geometries that can transfer the heat to the transfer fluid fastest.

The collected solar energy that is transferred to the storage tank is most usually used at
times when there is no solar energy available, for example in most domestic houses the
demand for hot water is in the morning before work or at night after work. By studying
new materials like phase change materials the energy capacity of the storage tank can be
increased and so the energy that is available for later use. Also, exploring new insulation
materials that can reduce overnight heat loss will help too. Using natural materials can
reduce the cost of a storage tank too.

The most potential in the future is shown from the hybrid photovoltaic thermal
collectors. They might be the most expensive in this study but can provide a household
with two types of energy, electrical and thermal energy. By studying new designs and
materials to transfer the heat from the photovoltaic panel to the transfer fluid, the
temperature of the panel can be reduced, which results in higher electrical and thermal
output. Examining new manufacturing ways may reduce the cost of the PVT and become
attractive to customers.
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