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ABSTRACT

One of the worldwide challenges is reducing energy consumption to reduce greenhouse gas
(GHG) emissions that are associated with energy production and use. Delay in taking proper
action will lead to the catastrophic effect of global warming (Ghoneid620n generaluntil

today, the majority of energy is produced from fossil fuel sources (Riffat, 2011). There are
various reasons for still depending on fossil fuel resources to produce energy. Fossil fuel energy
has a lower production cost than renewadrhergy (Sharma, 2016). In addition, fossil fuel is
very efficient in producing energy. On the other hand, generating power from solar energy is
considered to be a promising solution. However, the Photovoltaic system has low efficiency
resulting from thelow conversion factor of ftovoltaic cells (Shaneb & other 2017).
Accordingly, various researctsgefocused on enhancing the PV performance through avoiding
shading and, using the sun tracking systemoi®¥oltaic thermails considered to be one of the
methods used to enhance the electrical performance of PV systems. The main working principle
of PVT is passing fluid at the back of the PV panel that removes the excess heat from the PV
panel surface and enhances electrical efficiency. The fluid used inP&fther water, air, or

refrigerant (Shanebt al,2017).

The aim of performing the test was to evaluate and assess both electrical and thermal
performance of the PVT systeomder UAE climate condition# the first phase of the study.

Then, enhance ¢éhperformance of PV,Tby optimizing some of the design parameters. To
achieve the project aims, the research started with a review of previous studies related to PVT.
The literature review focused on data required to be collected during the experimas&l ph

the capability of TRNSYS software, and optimization parameters.

Therefore, the research methodology has been carrieth duio parts experimental and
simulation. In the first part, the performance of R\fifcomparison with PV panelastested

experimentally. The collected data from the experiment were utilized to develop a simulation



model to represent PVT by using TRNSYS software. The simulation model was used to
optimize the PVT performance by changing some of the design parameters. The design
parameters weraaumber of collector tubes, tubes diameter, and PVT panel area, and water

flow rates.

Experimental results showed that the enhancement in electrical efficiency of PVT in winter was
0.7% which is equal to 5% more in comparison with PV. Teésultsin summer vere 1.2%
which is equal to 8.9% more in comparison with PV panel. The overall PVT efficiency in winter

was 53.8%, and in summer the overall PVT efficiency was 57.1%.

A simulation model was developed for the PVT systbased on data #ected from the
experiment. The model has been validatednparing the experimental results with simulation
results with a tolerance of 5% error. In the simulation part, some design parameters were
optimized by testing a range of valuesimber of colletor tubes, tubes diameter, PVT panel
area, and water flow rates. The aim of changing the design parameters was to optimize the

performance of PVT during winter and summer.

The results showed that the optimum number of collector tubes was 12heb@simum tube
diameter was 0.04 nand the water flow rate was 2.5 GPM in both winter and summer. In
addition, results showed that changing the PVT area was not feasible. There was no

enhancement in the overall efficiency.

Based on the identified optimualues of design parametgitse optimized modebascreated.
The results from the optimized model showed further enhancement in comparison with the
reference model. The percentage of electrical efficiency enhancement of PVT was 7.2% in

winter and 7.5% isummeycompared to the reference model.



In addition,the researcltompared the electrical performance of the PV panel with the PVT
optimized model. The electrical efficiency of the PVT optimized model provided higher

electrical efficiency than the PV pdrmy 6% during winter and 10% during summer.
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Abbreviations

Meaning

DC Direct Current

GCC Gulf Cooperation Council

IEC International Electro technical Commission
Irradiance Power received by area (W/m2)

Radiant Energy

Define as the amount of energgnsferred by the radiation and
measured by J.

WEO World Energy Outlook

PV Photovoltaic

PVT Photovoltaic thermal

STC standard testing conditions
DHW Domestic hot water




Symbols:
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U | solar altitude
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CHAPTER |

Introduction

1.1 Background

Globally there are increasing concerns related to the catastrophic efiecrezdsing CQ
emission. Durindhe United Nations Climate Change Conference, CORr22015, over 190
countries signed an agreement to keep global warming bé@w22050 (Guarracino, 2017).

The agreement goal cannot be achieved unless all the countries locally lipngn@s€3ion.
Accordingly, many countries around the world initiated green agendas to mitigate the effects
of increasing C®@ concentration. The agenda included initiatives that focus on energy

conservation and the use of renewable energy sources.

The UAE is committed tathe COP 21 agreemeythrough establishing Ener@trategy 2050
(National Climate Change Plan of the United Arab Emirates 2050, 20a&)JAE energy
strategy aims to produce energy from mixed renewable sources (solar and nuclear) sources.
Therefore, the UAE increased the renewable energy share by implementing a series of
initiatives on different scales (Kazim, 2015). One of the best renewable energy solutions is

solar energy, as it is availabletire UAE and GCC areas all around the year.

Despitethe factthat earth receives a huge amount of solar energy on daily basis (Bagher &
others 2015)utilization of solar energy imarginal Mainly sun light can be utilized in two
ways either generating electricity by using photovoltaicheat byusing a solar collector. In

the case of a water collector, working fluid is used to transfer the absorbed heat from solar
radiation to be utilized in different applications. The type of application determines the type of

solar collector that needs to beedsAs an example for domestic use water heater, a flat plate



solar collector is the best option for the application. However, for higher temperature
applications concentrated solar collector can be used. Solar collectors and photovoltaic both
have a variy of types available in the marketith different specifications and efficiencies.
Boubekri(2009 stated thatat the peak time the highest efficiency of PV panels can reach only
up to 20%. The rest of the absorbed solar energy is wasted as heatsidweveat affects the

PV panel's electrical performance negativéBciubba and Toro2011). The electrical
efficiency of the PV pandbsesabout 0.25% to 0.5% if the surface temperature of the panel

increases by 1 degree Kelvin above the reference temperature.

Therefore, the idea of attaching PV panels with solar collector panels was initiated. The panel
is called PVT hybrid which can prodeiboth electrical and thermal energy simultaneously
(Allan, 2015). Coupling PV panel with solar collectoemmoves the excess heat from the back

of the panelwhich results in higher produced voltage.

Based on previous researélVT has proven to be a pnising solution for various reasans
the overall efficiency is higher than sole Rihanced electrical performance, and the cost of
integration of both panels is considered to be mode(&&dbba and Tord011).Figure 1.1

PVT Hybrid basic components.

Numinurm Faame

FPOM Washer

Figurel.l PVT Hybrid basic components
(www.solarpowerworldonline.com)



1.2 Research Problem

Sincethe UAE has the vision to achieve 50% clean energy by 28d@pting a system such as
PVT, would be feasible. However, PVT performance is affected by changing geographical
location and climate conditions. Geographical location affects the solar intensity and climate
condition affecting the surface temperature of the PVT parted. UAE has hot kmate
conditions. Therefore, PVT performance is required to be tested under UAE climate conditions
to assess the performance of Ppfior to start the adaptation procegsom the literature

review several knowledge gaps have been identified:

1 There are indequate studies performed in the UAE to study the performance of the
PVT system. Therefore, the current study will focus on testing PVT under UAE climate
conditions.

1 Performanceevaluation and optimization for PVT will be conducted in the same

study.

1.3  Study Motivation

There are several reasons to highlight the importance of this SthdYJAE has an energy
vision that aims to achieve 50% clean energy by 2050. The vision focus on reducing CO
emissions and mitigating climate change (National Climat@nGé Plan of the United Arab

Emirates 2050, 2017).



Therefore, to achieve the stated visidme UAE has many initiatives in different ranges to

transfer incrementally from using the conventional type of fuel to renewable energy. Dubai

(one ofthesevelUAE e mi r ates) started an initiative ¢caé
to encourage householders to install PV panels on the house roof to provide electricity and
connect to the | ocal Electricity andyhagater A
Green building regulations and specifications whiediuireDubai residents to use solar water

heating systems for domestic systems (Green Building Regulations & Specifications, 2015) in

all types of buildings. Hence, using PVT to produce both ététgtrand hot water from the

same unit will be auitable solution to stratify Dubai regulations.

In addition to the above reason, energy is responsible for about 80%.an@s&sions and
almost 70% of GHG emissions. Hence, finding alternative renewable sources to reduce GHG
emissions is a mugSciubba and Toro201]). Solar energy is considered one of the best
renewable energy sources due to it is availability (Nalis, 20A&aptation of new solar
technology can increase thenewable energghare and help reduce GHG emissions (Nalis,

2012). PVT is considered a promising solut{@eiubba and Tord2011).

1.4  Scope of theStudy

The scope of the researafil cover the followingmainactivities:

1- Fieldexperimental tedor two panelshePVT panel and conventional Rdanelin Dubai
The collect data from experimeante(power output from botpane] inlet and outletvater
temperature from PVT panahd solar intensity)lhe experiment will be conducted twice
during summer and winter.

2- Develop simulation modelon TRNSYShy using the collectedlata from thefield

experiment.



3- Enhancingthe overall performanceeléctrical and thermal) of PVT through changing
design parameters and assegp the impact of eachparameteron overall PVT

performance.

The retest for the optimized parameters will not be cedein this study due to time

limitations. However, the retesan be covered in another study.

1.5 Research Aims and Obijectives

This search is intended mainly to achieve two main aims. The first aim is to assess PVT system
performance under UAE conditions. The second aim is to develop a simuiabidel to
optimizethe PVT performance. The aims will be achieved through the following objectives:
1. Test and evaluate electrical efficiency of PVT systems in comparison to standard PV
systems during winter and summer.
2. Developasimulation model by using TRNSYS software.
3. Compare field experiment results with simulation results.
4. Optimize the performance of PVT using the simulation model by changing some of the
parameters such as (humber of tubes, diameters of tubes, PVT panel area, and water

flow rate).

1.6 Outline of the Thesis

The tesisis divided into six chaptersas follows:

Chapter I: will cover the introduction with background, research problem, study motivation,

scope of the studyand research aims and objectives.



Chapter Il : will include general information osolar radiation, solar systemghotovoltaic

and solar collectorfata weather, the impact of temperature on PV electrical pexfamenand

UAE climate conditios.

Chapter Il : will focus on the history of PVT, different studies/ research conducted to study
the PVT performance and feasibilignd data required to be collected during the experiment.
In addition, the reason for selecting TRNS&¥@tware as a simulation model.

Chapter IV: methodology which includefield experimenttesting setupdata collection
procedureandsimulation model

Chapter V: all the results from both experimental and simulation phases will be presented with
the interpretation and discussion of theults and linking with previous studies.

Chapter VI: conclusion and final recommendatswith further study recommendations.



CHAPTER I

Solar Energy and Technologes

2.1introduction

This chapter will cover multiple topics related to eneogynsumption, solar energy, and
different solar technologies. These topics are essential to understand the energy demand as the
first step then, solar energy intensity and availability in the GCC area. The last part will discuss
general information relatketo different types of photovoltaic, photovoltaic performance with
temperature increasing, and market cost. In addition to that, information on solar collector
material construction, types, and performance. All informagieanin this chapter is esseait

to understand the basic design, limitations, and exfeimainalfactors which affect solar

technology's performance.
2.2Energy Consumption

Energy consumption is increasing rapidly in developing countfiesto several reasons such

as populatiomcreaseand advances in technology (Aldossary, 2017). Accordingly, The Green
House Gases (GHG) emissions level dramatically increased to dangerous levels which required
immediate action worldwide (Delisle, 2008). Increasing atmospheric concentrations of GHG
lead to climate change (Radi, 2010). Climate change includes extreme conditions of weather
such as increasing heat, flooding, and draught (Del)89. The World Energy Outlook
(WEO) reported that by 204the energy demand will increase about 37% (Addog, 2017).

Hence, relying on nenenewable energy sources will lead to increases in GHG and eventually
to catastrophic results. The electricity demand increased dramatically due to an increase in

population, transportation, industry, and building operaf{Radi, 2010).
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The GCC Countries' (Gulf Cooperation Council) economy depends mainly on the fossil fuel
industry. The population in GCC represents about 0.6% of theatotld population and they

were responsible for 2.7% of G@missions in 2010. Saudi Arabia has the highest carbon
footprint (446 Million tons of C@ year) among the rest of GCC countries (Munawwar and
Ghedira, 2013). The abundance of oil leads to dominating the oil industry (Masud et al., 2018).
With oil depleton, GCC countries started to explore using other sources of renewable energy.
One of the most promising renewable sources is solar energy. The main reason is the
availability of sunlight yearound (Akash & others, 2016). The International Renewable
EnergyAgency (IRENA) reported that by implementing renewable energy GCC countries can
gain huge benefits. Apart from the environmental benefit, there are various advantages of
implementing renewable energy such as reducing exporting oil which may save ¢servis

and create new jobs (Abubakar & others, 2018).

The average annual solar radiation in GCC peisrequivalent to 1.1 oil barrels. The highest
solar radiation level during summertime in June with (8200 kVghimKuwait and lowest in

Oman with (640 kwh/n?). The lowest solar radiatids in the wintertime during January in

the UAE, with (4200 kwh/mi) and during December with (3200 kWnn Bahrain. Hence,

many renewable systems in different scales have been adapted and implemented by GCC.
There are enormous soegonomic benefits of adopting a renewable energy system in GCC
such as saving oil, creating new jobs. The Gulf ResearcheOaport shows thdlhe UAE is

in lead in the renewable energy index with several solar projects (AbudiadaR018).

In the UAE, almost 98% of electricity is generated by using natural gas as fuel. Accordingly,
the UAE has set a plan to mix other esmable energy sourcealong with natural gas for
producing electricity.The UAE paid significant efforts to faeg the dramatic increasim

energy demand. Abu Dhabi plans to use 25% of nuclear and 7% of renewable energy by 2020

(Torcat and Almansoori, 28). The 7% renewable energy will be a mix between (wind and



solar) energy plants with a capacity of 1500 MW in 2020 with a 7% share. The plan is to
gradually increase the (wind and solar) share from 7% in 2020, up to 75% by 2050 (Abubakar
et al, 2018). Major solar energy projects in UAE are based in Abu Dhabi and Dubai and Dubai.
Abu Dhabi commissioned a 100 MW Shams 1 plant in 2013, which is considered the largest
solar energy project in the region. In addition, the Abu Dhabi Solar Rooftop program with a
capacity of 2.3 MW which completed in 2012, the Marawah island PV plant with a capacity of
492kW in 2011, Um Azomul off grid power plant with a capacity of 2100kW in 2009.

Dubai's clean energy strategy included five pillars: infrastructure, legislatrating, building

skills, and developing an environmental plan based on energy combination. In MBR
(Mohammed bin Rashid AWlaktoum) Solar Phase | Which has been commissioned in 2013
with a total capacity of 13 MW. MBR phase Il with a total capacity of NAO was
commissioned in 2017. MBR solar Phase Il with a total capacity of total 800 MW using solar
panels commissioned on full operation in 2020. The nex}waich is already in the execution
stageis the fourth phase with a capacity of 950 MW. In hhsse, both PV and CSP will be
used to produce power the expected and commissioned date is 2021.

The CEIC data reports show the increasing consumption of electricity in UAE between 2003

and 2017 as shown in Figure 2.1.
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Figure 2.1 Electricity Consumption in UAE between 2003 and 2017

https://www.ceicdata.com/en/unitedabemirates/electricisfconsumption/electricity

consumptiorvisited on 14/12/204

2.3Solar Energy

Solar energyor solar radiationis defined as the energy emitted by the sun (Wald, 2018). The
sun generates it is energy through processes called nuclear fusion. In nuclear fusion processes
hydrogen (H2) is converted into helium (H&he sun's volume is composed of about 75% of
Hydrogen and 23% of Helium, and 2% other elements (Gunther, ZDi&)most important
reaction is the proteproton chain. The result from a defect in mass from the reaction releases
energy about 26.7 MeV/ reactiohhe mass energy can be found by equatidi).(fence, the

solar radiation power emits from the sun about 3.85*1026 W (Gunther, 2014).

E=mrc®....c.cce...... 1)

The solar radiation received by the earth varies during theaddybetween seasquisie to the

earth's orbit. The closer to the stime higher the received radiation (Wald, 2018). Although
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the sun sends a huge amount of solar radiation, the atmosphere depletes a huge amount of
The aerosols and molecules absorb and scatter abouto2B8286 of the radiation which has

been sent to earth (Wald, 2018). Sun can provide the earth with the required energy every 20
minutes(Patil and Deshmukh, 2015). As mentioredore,time of the day, seaspand cloud

affect the amount of solar radiaticeceived to earth. In addition, there is a critical factor which

is the location of whiclnepresented bthe latitude and the elevation (Ettah, Nwabueze and G.

N., 2011).

In general solar radiation influences all the aspeactdife on earth. As an emple, solar
radiation affect agriculture, ocean, ecology, oceanchitect building, and material (Wald,

2018)

Mainly solar radiation is electromagnetic radiation consists of:

i. Infrared(527155% & > 700 nm)
i. Visible(4243% 400 < & < 700 nm)

i. Ultraviolet(35 % 100 < @ase&Figure@ 2 n m)

Figure 2.2 Electromagnetic Spectrum

https://www.e-education.psu.edu/eme812/node/643visited on
11
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Figure 2.3 Distribution of the average solar irradiance all over earth surface annt
(Kabir et al, 2018)

Several factors are affecting the density of solar influx received fromsutineT he factors
are latitude, daytime variation, climate, and geographic variation (Kabir et al, 2018). Solar
energy can be converted into three basic forms to utilize the sunlight as follows (Delisle,

2008):

Passive solar heatinglefined as the proces®f utilizing the sunlight without the
requirement othe mechanical or electrical system. It is a simple form of harvesting the
sunlight through windows or any thermosyphon system.

Active solar heatingthe active solar systerhasa mechanical system such as a pump to
circulate the fluid or simply a fan. The best example of active solar heating is the solar
collector.

Photovoltaic cells: is a device that converts fall sunlight into electrical energy.
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Solar flux has a direct posm impact on the PV panel output current. Therefore, higher
solar radiation leads to enhance PV panel output current, accordingly enhancing the output

electrical power and the electrical efficiency (Ettah, Nwabueze and G. N., 2011).

2.4 Solar Angles

The sunis continuously moving in an orbit. Hendle sunlocation and the density of the
solar radiation changinduring theday andall around theyear. Accordingly, understanding
the sun angles dramatically helps in optimizing the solar radiation falls on the PV panels.
Mainly the solar angles are (Solar declinatiBolarZenithAngle, SolarElevation angle and

SolarAzimuth). In the following thedefinition of each angle will be givelvald, 2018)

I.  Solar Declination: Angle formedbetween the equator and a line drawn from the center

of the Earth to the center of the sun

d=-23.45°3 cos(z—ggs CEST0)) N e.1)
QE OEAAIUBELAA AGAOBAQ p

1 EOEAROOOMNIAG ET &EROT
ii.  Solar Zenith angle: Angle formed between the Sun rays and the local vertical.

cosy =sina =sin/ sind+cog cosh)............. @2

—is thesolar zenith angle

Uis the 'or solar altitude angle,  U=90°i [
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"Qis thehour anglein the locakolar time

 is the localatitude

lii.  Solar Elevation Angle: is the angle form between the sun height and the horizdrttal.

angle is 0 at the sunrise and 90 degveleen the sun is directly overhead

A=904/ = Ao, 23

iv.  Solar Azimuth: The angle formed between the sun rays and the horizontal plan.

cosd'sin(h)
cosa

sin(z) =

........................ .4)

2.5Solar Energy Technologies

The history of using solar energy started ages ago. The first man who disctivered
photovoltaic effect on selenium was Becquerel in 1830. The first use of solar energy was for
space between the late 1950s and 1960s as there is no other source of power available and the
cost was not the issue (Kalogirou, 2D0Currently, newechnologies are used to harvest solar
energy with different ranges in sjagesignand quality. Solar technologies have already been
tested and proven all over the world as feasible sources of renewable energy. In theory, solar
energy has adequate cappto fulfill the world energy demands if harvesting technologies are
readily available (Kabir et al, 2018). Fossil fsiatestill the dominant source of energy. Many
countries have already taken necessary steps in transferring gradually to other eenewabl

sources of energiCopiello &Grillenzoni, 2017).
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Solar technologies can be divided into two main categphesovoltaic and solar collector
(Aldossary, 2017). Solghotovoltaic converts the sunlight into electricity, and solar collectors
convert solaenergy into heat (Kaya, 2013). All of the mentiosethrsystems are available

with a various range of designs. However, the operation principle is the same (Aldossary,
2017). In the case of solar collectors, the operation principle starts with paskimty(water,

air, or refrigerant) through the absorber. The fluid absorbs the heat so the outlet fluid will be
at a higher tempature than the inlet fluidk@ya, 2013). In many solar collector systems, the
resulting thermal energy is stored to be usgelr on such as in the case of the water heater.
But, in other cases, such the produced isdirectly used as the case of hot air used for the

heating purpose (Aldossary, 2017).

On the other hand, the other technology is the photovoltaic systetm hds@ component with
the chemical property that directly converts the solar radiation into electricity. There are too

many applications with small and large lesafor photovoltaic system&éya, 2013).

2.5.1 Photovoltaic System Technology

The photovoltaic syem converts light into electricity (Bagher & others, 2015). PV material
ejects electrons once it is exposed to the light source (Mulvaney, 2015). The reason is that PV
material is semiconductor matenvaith two layersp and n (metal and insulatobayerp with

a positive chargeandlayern with a negative charge and free electrdn case lights fall on
semiconductor material the electsomill move and create current. Figure (2.4) expldhnes

Solar cell basic component sourtbe most common anwell-known semiconductor material

is silicon.
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Figure 2.4: Solar cellbasic componergource

(Tan & Seng, 2011).

The first PV cell was made in 1941. The PV cell was made from silicon with an efficiency of
1% (Glunz & others, 2012). Since introducing the first PV cell and over past decades there
were many improvements in the design and material in order to enharefédieacy of PV

panels. There are many advantages foipBNels provideclean energy, high durability, high
reliability, and has adjustable scales/ capacity. Due to the mentioned advantages and the target
set by most of the countries worldwide to in@eaenewable energy share, the PV market
growing fast to keep up with the requirement of clean energy (Gul, et al 2016). In general PV
efficiency is affected by several factors. These factors are classified as internal and external
factors. The manufactung process and type of material are considered to be internal factors.
External factors related to weather conditioasibient temperature, solar intensity, wind

speed, and humidity (Matias et al, 2017).

Some countries are considered to be leading imtpeementation of Photovoltaic systems as

per statistical report 2014 which shows that China, Japan, USA, Germany, and UK are at the
top (Gul, et al, 2016). As has been mentioned, PV system has low efficiency ranging from
5%to 20%. Many studies and Techmeg have been implemented in order to enhance PV

efficiency Gul, et al, 2018
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l.  Using reflectors in order to focus the solar radiation on the panel.
Il.  Photovoltaic concentrated type.
[ll.  Photovoltaic system with solar radiation tracking.
IV.  Avoiding Shading.

V.  Perfoming regular cleaning.

PV system classified as mowoystalline silicon, polycrystalline silicon, amorphous silicon,

cadmium telluride, and copper indium gallium selenide/sulfide based on the material used to

produce the panels (Chu, 201

Themathematical model of the PV function when exposed to light as following:

S IR PPN R.5)

Where,
| is the output current.
‘O is the photo generated current

‘Ois the Shockley diode equation.

In addition, The4V characteristic curveepresat with the following equatiofvVega, 2019)

I =1.- lo,ceu (qV) 1lil .................... 2.6)

Where,
T Temperature in0
‘Q, isthe inverse saturation current of the diode.
| the ideality or quality factor, measured how close the diode to the ideal diode.
J Electron charge

0 Frequency
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k the Boltzmann constant,

Iscis the shorcircuiteda n d d e fmaximam carsenvdéluethat flowin to thePV
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Figure 2.5: The FV curve and power output
(Dahlen, 2019)

Figure 2.5 indicatethat when I=dcthe p side and n side shorted with each other and V= 0.
On the other hand, to obtain the maximum value of V the terminals kept open I= 0 and V=
VOC. The power is varying based on the light intensity and the produced voltage and current.
P=V*l.

Thermal voltage represents in equation (2.7) which is define the relationship between the
current flow and the electrostatic potential across thgymction. Thermal voltage depends

on absolute temperature (Vega, 2019)

2.5.2 Photovoltaic Technologies

The expected PV modules life span is 25 years with approximate power degradation of 85%
(Vega, 2019) . The average efficiency of PV

panels consist of several solar cells. Eb&arcellsare connected in series and parallel. The
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purpose of connection in series to produce higher voltage and in parallel to produce a higher

current (Vega, 2019).

¢¢¢¢¢¢¢

Cell Module Panel Arrav

Figure 2.6: Solar PV systeniVega, 2019).

Figure 2.6. Shows solar PV system which has different shapes, types, and applications.
Generally, PV systems are classified integoid and offgrid or either connected with the local
power grid or not.

The other classification of the PV system is dbased on the type (Crystalline Silicon, Thin
Film, and Compound semiconductor e.g. Gdvased). There are many sciassificatiors for

each of the mentioned types. The most common type is the Crystalline Silicon type that is
divided into (Polycrystallineand Monacrystalline) (Tan & Seng, 2011).

The other types of PV technology that have the highest market share arbagsesolar cells

and thethin-film panel. The main challenge of PV technoleaggergingwidely in the market

was the high cost of theystem in comparison to low efficiency. Therefore, many R&D centers
around the worldretrying to achieve significant cost reduction by improving PV efficiency
(Mohanty, et al, 2016). Organic PV cell shows promising solution and caught the attention.
Thebasic material used to produce the PV cell/modules is Silicon. The physical properties of

slicon as singlecrystal, multicrystal, and amorphous are as follows:
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Silicon Singlei Crystal type has the highest efficiency as crystal has free grain boundaries
The free grain boundaries are considered as defects in the crystal structure which lead to a
decrease in thermal and electrical conductivity.
Silicon MultiT Crystal has grain boundaries, unlike the single crystal.
Amorphous Silicon is nowrystalize meerial. The atoms are arranged randomly. The
random arrangement of the atoms leads to creating a loose bond of some Atoms that
disrupts the flow. Despite that, the amorphous Silicon is considered to be the least efficient
among the rest of the types. Howeyit is considered as low cost (Mohanty, et al, 2016)
PV generates DC (direct current). Hence, Connecting the PV system to the local grid required
some modifications and interconnection arrangasén the system. In order toatch the
electricity produced byhe PV system with public utility (Grid), inverters are required to be
used. The main function of the inverter is to convert the DC electricity produced by the PV
system to AC electricity to either connect to the gridcobe used for any other electrical

equipment (Vega, 2019).

2.5.2.1Crystalline Silicon Photovoltaic Solar

PV type made of crystalline materiahas the highest share in the market witi8&90
percentage (Chu, 2011). There are two types of crystalline silidomocrystalline and
Polycrystalline (Mohanty, et al, 2016). The main difference between Monocrystalline and
Polycrystalline is that monotype is made of one crystal of silicon andgopyalline is made

of multiple crystals of silicon. The type of sibie used to produce motoystallinePV panels

is very pure siliconvhich is usually used to make semiconductor chips. The first stedtofgne

the raw material (Siliconthen form very thin layers as wafers with a thickness of (8D
microns to form théV cell (Tan & Seng, 2011). After that, all the produced celled electrically

connected to form modules (Chu, 2011). PV made of Crystalline Silicon has the highest
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efficiency among the other types of PV. In addition, the durability of the PV reaches bip to 2

years with a factor of degrades (Lot ar,
15%.

In the case of Polgrystalling or multiple silicon crystals manufactured in a different way
than monecrystaline. First, the molted silicois bored inrmold and then form as wafers. The
efficiency of Polycr yst al | i ne ranged from 11% to

polycrystalline is less tha onaocrystalline type (Chu, 2011).

2.5.2.2Thin- Film Technology

Thin-film PV type is produced by piling thin layekgith a micrometer of photosensitive

2017

14°

materials on a flat surface such as glass, plastic, or stainless steel (Chu, 2011). In general, the

efficiency of hin-film less than the silicotype varies between 3% to 13% (Tan and Seng,
2011). The production cost dhin-film is considered to be less than other types of PV types.
There are three main classifications of the Tfilim PV (a-Si, CdTe, and CIGS (copper indium
gallium diselenide)) (Sharma & others 2015). Other raw materials used to produeihin
sud (cadmium telluride (CdTe) and coppedium-gallium-diselenide (CIGS)).
The advantages of using Thiiilm type are as follows (Chu, 2011):

I.  The production process consumed less material and can be automated easily.

ii.  Thin-film type can be integrated intaitding easily.

ili.  The performance of Thifilm is bette in high ambient temperature.
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In Table 2.1 common PV technologissndicated with the average module efficiency for each

type.

Table 2.1:Different PV technologiewith average efficiency

(Tan& Seng, 2011)

PV available technologies Efficiency Range
Monocrystalline Silicon 12.5- 15%
Polycrystalline Silicon 11-14%
Thin-film Copper Indium Gallium Selenide (CIGS) 10-13%
Thin-film Cadmium Telluride (CdTe) 9-12%
Thin-film Amorphous Silicon (&5i) 5-7%

solar cell

3rd generation
new emerging

1st generation-

A tou Taaziy 2nd generation-

Thin flim

silicon technology
mono-crystalline Amorphous Si :
s —{ thin film solar | Nanocrystal
solar cells colls based solar cells

Polycrystalline

silicon solar cells

CdTe thin film
solar cells

Polymer based
solar cells

Pervoskite based
solar cells

Dye sensitized

solar cells

Concentrated
solar cells

Figure 2.7: Different types of PV dés source (Sharma, et al 2015)
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2.5.3 Photovoltaic Cell Efficiency

The efficiency of PV is represented as per the below equation. Efficiency defines as the ratio
of the output electrical power to the input power received from a light source or sun (Ray,
2010). In an ideal case, sunlight power is equal to (1006YWhultiple parameters affect the
amount of solar radiation received from the sun (geographical loceliimate condition, and

different seasons). The PV Efficiency can be found by using equaBi¢Al@ossary, 2017):

3
p=Fro Voo Vi 2.9)
Pn 1.3 A

Wherelmax andVmaxrepresent maximum the voltage and current. The other paramheieds
Ac are the solar intensity and the PV panel area respectively (Fesharaki, et al 2011). As per
previous discussion efficiency of PV cells varies based on several reasons (internally and
externally). Internal reasons such as type of material and manufactooesf External
parameters such as weather conditions and installation geometry. Weather condition includes

ambient temperature, wind speed, and solar radiation (Dubey, Sarvaiya and Seshadri, 2012).

2.5.4 Photovoltaic Efficiency and Temperature Effect

There isan inverse relationship between an increaseenmperature and PV efficiency. The
efficiency of PV decreases with increasing PV surface temperature above the reference
temperature of the cell. The reason is that output voltage drops with increasing terejdra

the PV surfaceas shown in Figure 2.8. Accordingly, cooling down PV surface resulted in
increasing the output power and enhancing the performance. PV cell can convert a certain
percentage of light to electrical energy, the rest of the light ised@st heat. The efficiency of

monao-crystalline (eSi) PV module and polycrystalline (#&1) PV module, decreases by 0.45%
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with increasing of 1 K in temperature. For amorphous silic&n, éhe decrease in efficiency

is about 0.25% with each 1 K raised e@miperature (Kalogirou & Tripanagnostopoulos, 2006)

' |
oA

o \\ !
>

15l Wncid krad = 1000 Wim®
Operating Cell Temp = 10°C, Pmpp = S38W \

Currert [N
*
=
T

Opecating Cell Temp= 25°C, Pmpp = SO2W
Operating Cell Temp = 40°C, Pmpp = 465W
Operating Cell Temp =  55°C, Pmpp = 428W
08 Operating Cell Temp = 70°C, Pmpp = 393W \

M

00 1 1 L

Vaoitage (V]

Figure 2.8: Output Voltage of the PV module with different
temperatures sour¢eesharaki, et al 2011)

2.5.5 PV Installation Capacity and Cost

Over the past years, the cost of the PV system hasrédeced radically as the market of the
system grew (Dahlen, 2018). Based on IRENA, 2019 report over 580 GW of solar PV system
has been installed by end of 2019 worldwide. During 2019, the approximate total capacity of
the PV systeminstalled and commissined was 98GW. In addition, between December 2009
and December 2019 the cost of crystalline silicon type sold in Europe declined on average up
to 90%. The cost of the modules varies based on the type. The highest module cost of high
efficiency crystallinethe around USD 0.38/Watt and the lower module cost is around USD
0.21/ Wat. The main factors affecting the module cost are the manufacturer scale and

experience. Moreover, there are some of the newly introduced factors such as optimized
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manufacturing praess and the cell architecture types which enhance the efficiency gain as

shown in Figure 2.9 and Figure 2.10.
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Figure 2.9: Average monthly solar PV module prices by technology and
manufacturing country sold in Europe, 2010 to 2020
(IRENA, 2019)
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Figure 2.10:Average yearly module prices by market in 2013 and 2019
(IRENA, 2019)
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2.5.6 Solar Collector Overview

The working mechanism of the solar collector starts with collecting solar radiation and
transferring it into heat. The heat transferthiworking fluid (water or air), can be utilized in
domestic or industrial applications. There are three main types of solar collfetoptate,
evacuated tube, and concentrated type (Bhowmik and Amin, 2017). In the flat plate type, the
absorbing ar@ is almost the same as the surface area. However, in the concentrated type, the
absorbing area is small, and large are of mirror and lenses reflecting the sunlight and direct it
to the absorber (Patil and Deshmukh, 2015). The most popular type in Euflapglat due
to it is low cost, easy installation, simple structure, and safe operation (Shemelin and Matuska,
2017). In addition, flat plate solar collect can collect direct and diffuse radiation (Bhowmik and
Amin, 2017). The main components of bothds are common (Casing, frame, insulator, tubes
or pipes, and absorber) (Irfan and others, 2015). The main part of the solar collector is the
absorber which is usually made of metallic material (Patil and Deshmukh, 2015). The metallic
material of the abgber is a high thermally conductive material suclalasinum or copper.
In addition to the conductive material, the absorber is usually coated with selective to enhance
the solar radiation absorber ardluce the energy emissiddaleh, 2012). Solar colteors have
various applicationssuch as domestic water heating, heating swimming pool water, and
heating the space (Irfaet al, 2015). The performance of the solar collector is affected by the
surrounding ambient temure and the heat transfer (ShémandMatuska, 2017). In this
research, the focus will be on the flat solar collector type. The basic working concept of the
solar collectois as follows the sequencidhaei, 2014):

i. The absorber collects the sunlight and transfers it to the working, fReveral

technologies have been developed for the absorber to enhance the absorbing heat.
ii.  The second stage is transferring the heat through the working fluid to the user or the

storage. The working fluid can be water, refrigerant, oil, or air.
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2.5.6.1Flat Plate Solar Collector

A flat plate solar collector is the most commonly used collector. Usually used in applications
such as domestic water heaters and providing heating to space (Jesko, 2008). It has many
classifications and types. The classification esn done based on the working fluid, design,

and material used Figure 2.11. Shows classification of flat plate solar collectors.

~ N | Flat-plate collector '

‘ Liqubd heater - [ =] Air heater
Water sandwitch type | Finned plate L_ Metal matrix
) | L | — 4
\ Miller LOF type |
| Corrugated plate J
[ with selective -
Pipe and fin type surfnce Thermal trap
L \ .)‘_

Tubes arv mounted under the plate

Semi-sandwitch type

i Tubes aranged

parallel Tabes are mounted on the top of the plate

Tubes uranged
Centered tubes in the plane

in serpentine

Figure 2.11:Classification of Flat Plate solar collector
(Jesko, 2008)

As mentioned, the main parts of the solar collector are contoahtypes. In the case of the
flat plate type the main parts are (glazing, Absorber sheet, Manifold or header, Insulation, and

the frame) (Aghaei, 2014) as shown in Figure 2.12.

Woatae Outiet
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Figure 2.12:Main parts of the dar collector (T. Aghaei, 2014)
The glazing is not available in all types. There is some flat plate solar collector without glaze/
uncovered at the top of the panel. Solar panels with glazing are considered to treemuatly
efficient than the nowglazing type. There are two types of glazing coeangle glazed or
double glazed. The main function of glaze is to trap the pengésatdight and enhance the
heat transfer. The glaze traps the loveyelength and transta the shorter wave. The
transmittance of normal window glass is about 0.87 to 0.90. Glazing made of plastic material
has better transmittance to short waves. Unfortunately, cannot stand ultraviolet radiation for a
long time. Accordingly, it is not commao use plastic as cover material for solar collectors
(Sadaqg, 2015). In the below table Transmittance of different glazing materials is shown:

Table 22: Transmittance of different material (Sadaq, 2015)

Transmittancevalue of different material (U )
Crystal glass 0.91
Window glass 0.85
Acrylate, Plexiglass 0.84
Polycarbonate 0.84
Polyester 0.84
Polyamide 0.80

The other main part is the absorber. The absorber is mainly painted black to maximize heat
absoption. It is mainly a metallic sheet with different configurations straight, wavy, and fluted
(Aghaei, 2014). As mentioneabove absorber plays a key role in enhancing the performance

of the solar collector as it is responsible for absorbing the solar radistia@esigning the
absorber and selecting the suitable construction material. Some factors need to be taken into

consideration: Durability, Thermal conductivity, easy handling, material cost, and availability.
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Hence, the design and the thermal propedfabie absorber special attention (Sadaq, 2015).
Absorber design parameters are:
i.  Type of material usually used to construct the absorber (cogiperinum, stainless
steel, stable polymers, amaild steel). Copper is preferred due to it is high thermal
conductivity. However, copper is considered to be costly in comparison with
Aluminum with only a slight enhance in collector performance (about 3%). (Majid et
al, 2015).
ii.  Thickness of the absorber.
iii.  Design of the absorber (straight sheet, wavy or fluted).
iv. ~ Thermal conductivity of the absorber either due to used material or due to using black
paint or selective coating.
Piping and tubing of the solar collectors carry the fluid through the solar coll&ttere are
mainly two common configurations (parallel and serpentine). The pipe parallel configuration
consists of several risers connected from top and bottom with the main manifold. The risers are
responsible for transferring the fluid through thelexbr and increasing the area of contact
between the fluid and the absorber. The manifold is usually placed on the top and the bottom
of the collector to drain the fluid. The pressure is high at the bottom of the collector and lowers
at the top. The flowate at the middle part of the collector is the lowest where the heat transfer
is the most. The serpentine tube type is one long tube that bends several times. Therefore, their
uniformity in flow rate. Accordingly, the he#éttansfered all along the collecis uniform. In
addition, the serpentine configuration is easier to construct and does not require any welding
work (Sadag, 2015). The design parameters of the tubes which directly affect collector
performance are:
i.  Tubes design and arrangement (paradigiral).

ii. Tubes thickness.
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iii.  Number of tubes with the collector.

Iv.  Tubes Material.

v. Gaps or spacing between tubes.
In the flat plate solar collector, the most important aspect to enhance the thermal performance
is to enhance the performance of the absorber. Hence, the more solar radiation absorbed by the
absorber will result in higher the temperature outlet from trsordler. Accordingly, the
efficiency of the collector increase. In the domestic water application, the solar collector system
can increase the water temperature up t&C5(badacgt al, 2015). The thermal properties and
design of the absorber play the maole in the efficiency enhancement.
The inside part of the collector is insulated with layers of insulation such as Rockwool or free
polyurethane foam (PUF) material to minimize heat loss (Aghaei, 2014). Insulation material
shall confirm the requiremeraf durability, fireproof, waterproof, and weather tolerant
(Tripathi et al, 2018).
The last part of the solar collector is the frame which keeps all the other parts together and
protects the solar collector from dust, moisture, and water penetratioagiAgb14).
In general, to design a suitable solar water heater using flat plate solar collectors. Some design
criteria need to be taken into consideration and other assumptions (Patil and Deshmukh, 2015).
The assumptions are as follows:

i.  Estimating thedaily water consumption to decide the size of the water tanks and the

number of solar collectors required.

ii.  Water inlet temperature as it is affecting the efficiency of the system.

iii.  Inclination of the solar panels which affect the intensity of solar radidélls on the
solar panel.

Other design considerations which affect the design of the solar water system are:

i.  Weather conditions including ambient temperature, wind speed, and humidity.
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Solar intensity depends on the geographical location.

Other than thenentioned assumption and other design considerations which affect the design

and estimating the capacity of the system. There are other criteria required to be highlighted.

The belowmentioned criteria are related to the operational charactews$ttbe solar panel

(Patil and Deshmukh, 2015):

Collector efficiency: defines as the ratio between the useful amounts of thermal energy
gained for a certain time to the total solar intensity fell on the collector surface for the
same time.

Collector Thermal Capdty: Thermal capacity or heat capacity is the amount of heat
stored per solar collector area to produce a unit change in fluid temperature.

Pressure Drop: Define as the difference of pressure between inlet and outlet due to
friction. Deciding the pressumrop for each collector is very important to design the
capacity of the circulation pump.

Stagnant Conditionshe time that the fluid dgsnot gain any useful energy from the
solar collector and there is no circulation. Usually happened during summettiene

the hot water tank reached the required temperature of ab%t ¥b6e pump stop
working, as a result, the absorber gets very high due to continuous exposure to solar
radiation without water circulation. In stagnation conditions, the temperatute of t
absorber reaches 18P2(°C, in case of using a selective coating (Hausner and Fink,
2002)

Optical Properties of the covehree main values express the optical properties of the
solar collector covereflectance, transmission, adolsorptance. The gbs cover used

on the top of the solar collector is not perfectly transparent. Part of the solar radiation
reflected from the top of the solar collector the rest of the solar radiation is either

transmitted through solar collector material or abed (Pat and Deshmukh, 2015).
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2.5.6.2Concentrated Solar Collector

Patiland Deshmukh2015 clarified that the different between the flat plate solar collector and
concentrated type is the size of the absorber and the availability of mirrors or lenses. In the case
of the concentrated solar collector the mirror or the reflectors used to focus and concentrate the
sunlight on the absorber. The benefit of the concentration is to compensate the losses in solar
radiationin it is way to the earth. Hence, the higher concéintrdead to higher thermal power
generation (Mishra and Tripathy, 2012). addition, concentrated solar collector achieved
higher power output than the flat plat with less consumed Kezta(eandDesai2017).

There are various systems of concentratddrscollectors parabolic trough, Linear Fresnel
reflector, solar chimney/solar tower, and ID&tirling system as shown irFigure 213. The

solar concentrated systasable to produce very high temperatheparabolic trouglsolar
collector producestemperaturs reacting up to 400 C. Dish Stirling systemtemperature
reaches about 630 and above 100Q for solar power tower. Concentrated solar collector can
beclassified in to tracking and ndracking systems. The tracking system furthassified in

to one axis or two axis trackir{@esko, 2008).

Linear Fresnel reflector Parabolic trough

https://concord.org/blog/modeling-linear-fresnel-reflectors- http://www.eusolaris.eu/Technology/ParabolicTrough.aspx

in-energy3d/
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solarchimney/ solar tower Dish stirling system

https://eurekalert.org/multimedia/pub/175485.php https://mww.volker-quaschning.de/fotos/psa/Dish1_1024x768.jpg

Figure 2.13: The four different types of concentrated solar collector

(www.e-education.psu.edu/eme812/node/3 visited on 11/02)2019

2.5.6.2.1 Parabolic Trough

Solar collector parabolic trough produces supsmted steam with high pressure. The
technology is mainly used in power plants in order to produce the required steam to drive the
turbines. PTC system consists of a curved mirror placed on two sideset¢hesr which is

a tube that carries water in most cases. The main function of the curved mirror is to reflect and
focus the incident solar radiation on the centered pipe. The water passes through a series of
PTC fixed in one line until the steam is remchto the required temperature and pressure.

Then, it will be sent to a steam turbine (Padilla, 2011).

2.5.6.2.2 Solar Chimney or Tower

Solar chimney mainly consists of three main elemewtar air collector, chimney/tower, and
wind turbines. The working principle of the solar chimney is very simple, the solar collectors
all around the tower heat up the air during the daytime. The hot air is lighter than the cold air

accordingly the hot aiflows through the tower to reach up. The wind turbine placed in the
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tower starts to rotate and draw more hot air. Rotation movement generated electricity (Schlaich,

et al, 2009).

2.5.6.2.3 Linear Fresnel Reflector

Linear FresneReflector(LFR) technology has the same concept as the parabolic trough. The
only difference is that in LFR the mirror is a straight mirror instead of a curved type. The
mirrors are arranged on two sides of the receiver in a way that reflects and focuses incident
solar mdiation directly to the receiver. The LFR application is the same as PTC used to produce
steam to drive turbines. LFR is producing less temperature than the PTC. Hence, the efficiency
is less than PTC which is considered to be a disadvantage. Thereeaed sther advantages

of LFR, suchas using a straight mirror is simpler and less costly than the parabolic type

(Padilla, 2011).

2.5.6.2.4 Dish Stirling System

Dish Stirling system is a sun tracking system consisting of parabolic dish concentrate solar
radiation nto receiver or power conversion unit (PCU). The receiver then transfers the heat to

the generator (Mancini, et al 2003).

2.5.6.3Evacuated Tube SolarCollector

Evacuated tube is another type of flat plate collector which consists of parallel rows of glass
tubes onnected with a common header. Vacuum the tubes above the absorber to help reduce
the heat loss by convection. Accordingly, the thermal performance of the collector enhances

(Tripathi et al, 2018). The vacuum glass tubes consist of two lesreaaiter shé and inner
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shell. The outer tube is used for protection function, and the inner tube is coated with absorptive

material (Olekl, OlczgkandKryzia, 2016) as shown in Figure 2.14.

The efficiency of the flat plate collector is considered tddveer thanthe efficiency of the
evacuated tube. The reason is that the evacuated tube has less gross area than the flat plat type.
Mainly evacuate tubes solar collector used in hot climate condition as the efficiency of the
system affected by the cold weathalpgirou, 2004. In the case of the evacuated tube solar
collector, the ratio of gross area to absorber area can be changed based on the distance
maintained between tubes. Therefore, increasing the space between tubes has a negative impact
on the overallefficiency of the solar collector. Other factors are affecting the overall
performance of the solar collector such &e angle, collector dimensions, and weather

condition (Hayek Assaf and Lteif, 2011).
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Figure 2.14: Evacuated solar collector nrmatomponents

http://www.alternativeenergytutorials.com/solahot-water/evacuatetubecollector.htmivisited on
11/02/2019

2.6 Chapter Summary

Multiple topics have been included in chapteelated to the internal and external factors that
affect the performance of the solar systems. External factors were solar intensity, the

Inclination of the solar panels, and weather conditions. Internakfawere absorber material,
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the number of tubes, tubes thickness, and tubes material. Based on the information provided

the design parameters required to be testedsmreékearch have been decided.
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CHAPTER Il

Photovoltaic Thermal System (PVT)

3.1 Introduction

In the current chapteageneral overview of PVT will be introduced. In addition, a brief about
PVT basic function, main types, and classifications. This chapter will include information that
will be useful to perform the field experiment and develop a simulation model. Heenmieus

studies and researches related to PVT performance and performance enhancement will be
explored The last part will cover different simulation tools available in TRNSYS and the

advantages and disadvantagésach tool.
3.2 PVT Basic Concept

As previowsly mentionedthe PVT is a system that produces electricity and thermal energy
simultaneously. Duagnergy production from the same unit increases the overall effectiveness
of PVT in comparison to sole PV (Blker, 2015). The idea behind PVT functioralihat
photovoltaic panels convert solar radiation into electricity with an efficiency ranging from 9%
to 20%. Hence, more than 80% of solar radiation is either reflected or converted to thermal
energy. The converted thermal energy increases the PV gampértature which, causes a
further reduction in efficiency (Dalvand, Mohtasebi, and Rafiee, 2012). PVT generates thermal
energy bypassing fluid behind the PV panel which will absorb the excess thermal energy.
Removing the heat will cool down the PV pasetface and improve electrical efficiency. The
absorbed heat by the fluid can be reused in different applications. Hence, the PVT system
offers an enhancement in the overall efficiency with the same solar radiation input. It is well

known that the PV eifiency decreases with increasing operational temperature
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(Ualboonruenget al, 2012). In addition, PVT as a unit produces more energy per unit area

more than two separate units of PV and solar colleBiidker, 2013.

3.3PVT History

Over the past years, uoh researchhas beerconducted on PVT system performance and
feasibility. The research started in the sil70Os (Zondag, 2008). The main objective was to
enhance the PV efficiency by removing the heat. The idea of using PV panels as a facade in
1990 trigger the idea of utilizing the produced heat from the panels to heat rooms. Most of the
PVT system research started in US and Japan in thestadg later spread all over the world
(Zondag, 2008). Initial researches produced many theoretical models wéneh been
validated experimentally. All of these models are the basis for the current researches (T.T.

Chow, 2010).

Major contributiongo work in PVT wererecordedoy Wolf, Florschuetz, Kern & Russel, and
Hendrie in different research and studi€s’. Chaw, 2010). The past research mainly focused

on improving the overall performance of the PVT system. Over the past 40 years, the studies
conducted experimentally and by using simulation. Zon@8§5), gave a comprehensive
overview of all the past researatated to the PVT system. He mentioned that the first water
type PVT system was conducted by Martine Wolf to investigate the feasibility of the system.
The results showed that the system is technically feasible. After Martine's findings, many of
the ideasiave been evolved and expanded. In 1976 Martin Wadsted the PVT system. He
coupled the PVT system with heat storage to enhance the output. Following Wolf's research,
another research by Ken Russel published in 1978 discussed using coolant assatiditi
working fluid of PVT. In 1982 the first theoretical model has been developed by Hendrie
(Zondag, 2005). Later studies focused on optimizing the overall performance of PVT. Hence,

many different designs have been developed to enhance the efficietiey BVT system.
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Different PVT system designs have been studied through experimental, theoretical, simulation,
and numerical ways. The developed designs and simulation models focused on improving the

operational factors to optimize the system and enhefficeency (Koech, et al 2012).

Ghoneim & Mohammedeirf2016) explained that there are differences in characteristics
between a conventional PV system and a combinedy8fEm. Theyjustified the statement

by mentioning that the electrical output of théTRs affected by some parameters such as the
type of fluid passing behind the PV panel and the flow rate of the fluid. Hence, the output
thermal energy of the PVT is changing heat transfer between the absorber and the working
fluid. So, in the following sction, the different available technologies of the PVT will be

presented

3.4PVT Available Technologies

There are various types, configurations, and technologies of PVT systems (Dean. el at, 2015).
The classification of the types mainly depends on tisggdeof the system, target application,

the flow pattern of the fluid, and working fluids. In addition to the mentioned classification,
there are subcategories for each main tggeshown in Figure 3.1. The classification depends

on working fluid dividedinto three categories water, air, or refrigerant (Huanga & Huanga,
2013). (Li Jin, et al, 2013) initiated a classification for PVT system which divided the PVT
types into five different types Liquid PVT Collector, Air PVT Collector, Ventilated PVT with

hed recovery, Liquid and air PVT collector, and PVT concentrator. The most popular
classification depends on the collector design which divided the PVT system into two main
categories flat plate type and concentrated collector type. Recently, Hischier(213)

added the level of insulation to the main categories of classification.
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Figure 3.1 Classification oPVT system sourceAbdullah, et al, 20.9)

As mentionedthe other classification is based on the type of working fluid. Téretevzo main
working fluidsused to extract the heagither water or air. Hence, PVT flat plat can be divided
into subcategories of flat plate air PVT collector and the flat plate water PVT collector. In the
case of a water PVT collector, working fluiddter) absorbs the excess generated heat from
the back of the PV panel. The resulting hot water can be reused for various applications such
as hot domestic water and heating swimming powaisich are considered to be lew
temperature applications. The otipapular PVT is the air collector type which is considered

to be an economical type due to low operation cost (Sharma, et al., 2012)aiP\{3ed to
reheat the air inside the building in cold climate areas. In this study, the focus will be on flat
plat P/Tiwater collector type. The flat plate type is cheaper than the concentrated type.
Moreover, it is available in the market and can be installed easily. However, the efficiency of
PVT flat plate is considered to be less than the concentrated type (Rardisd; and Alcaso,

2017). Figure 3.2 shows the typical design for flat plate PVT.
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The other main classification based on the panel design is the PVT concentrated type. As it is

well known concentrated type used to enhance the thermal performance ofitiie.mo

Glass cover

P\ panel

. Rock wool

Electrical insulation

X —
output wire

by

Copper water tubes
with water flow

Figure 3.2: Typical flat plate PV thermal with gt& and straight absorber
(Nualboonrueng, et al, 2012)

In the concentrated type, the reflector is used to focus the solar radiation on the PV surface of
the receiver (Touafek et &014). (CHAPS) stands for combined heat and power solar that is
considered to be one of the PV concentrated types. CHAPS has a concentration ratio of 37
times. In general, the PVT concentrated type is more expensive than the PVT flat plate type
(Vimal, 2017).
There is another classification based on panel design, whiltlassificatiorbased on the
availability of glaze cover. PVT is classified as glazed and unglazed (Kim, et al, 2012). There
are some differences in performance between the two typegdrformance of PVT glazed
type is better than unglazed type thermally. On the other hand, the unglazed cover has lower
thermal performance but higher electrical efficiency (Zondag, 2008). Zondag, et al 2001,
conducted an experimental study to compareseational PV with two types of PVT (glazed
and unglazed). The annual results showed that glazed PVT had less electrical performance than
the other two panels (PV and unglazed PVT). The explanation for the result was due to the use
PVT panel with a cover ade of glass with a transparency of 92%. Hence, there was a reflection

loss which gave aiverelectrical performance. The fourth classification of PVT type is based

41


https://www.google.ae/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=&url=http://www.mdpi.com/1996-1073/5/4/1229&psig=AOvVaw1b7DEflvaFVDjSnKb3fvcD&ust=1521565303627773

on the working fluid used to extract the excess heat. In general, three main types$ wddhli

in PVT are water, air, water/air, or refrigerant. Mainly, water and air are the common fluid and
the selection of fluid is based on the application. However, water is used dominantly as the
working fluid. The main reason is that the water is lesdlgdhan the refrigerant and more
efficient in extracting the heat from the system than the air (Rosliz214). Water has higher
specific heat than air and is more suitable to accommodate variation in solar radiation during
the day (Rosli, et ak014). In addition, in hot climate areas, the requirement of hot water is
more than the requirement of hot air (Vimal, 2017). Therefore, producing hot water from PVT
is consideed more suitable for the UAE case. Tripanagnostopoulos.ef2@02) studied
expermentally two types of PVT, one with water as working fluid and the second with air as
working fluid. They found that water as a working fluid is more efficient in extracting heat than
air.

PVT has unlimited configurationgs it is mainly a combinatioaf PV panels with a solar
collector. There are various types of PV panels (Morystalline, Polycrystalline Solar panels,
Amorphous Silicon Solar cells, Biohybrid Solar cells, Cadmium Telluride Solar cells, and
concentrated PV cells). In addition, solalectors as well have many configurations and
different designs with different classifications. The classification can be done according to type
of flow rate, absorber pattern, and glaze/unglazed. Hence, too many combinations of two PV
modules and solarotiectors can be developed. The available pattern of the solar collector
absorbers issheetandtube structureflat-plate tube,rectangular tunnel with or without
fins/grooves, channel, free flow, double pass, single pass, and round tube. Each mentioned
pattern for the absorber is suitable for the type of working fluid. In this study, the focus will be
given to the PVT flat plate type with water as a working fluid.

Three types of collector patterns are considered to be suitable for water as workirghéatd

and tube absorbemund tubes absorber, arettangular tubes absorber (ONER, et al, 2016).
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According to Miglioli (2017) and based on the conducted sthdyconcluded that the round

tube shape of the collector has better performance than thegeletashape even if the
material was made fromuminum, not copper. The reason he gave that round shape is better
in heat transfer than the rectangular shape. Moreover, it is easy to restructure the round tube

with many innovative shapes.

3.5PVT SystemAdvantages

Several benefits are resulting from using the PVT system. Conventional PV co208ft &f

the solar radiation into electricity, the rest of the solar radiation is converted to heat. PVT
extracts the heat from the back of the PV panel angae it for low heat applications. The
examples applications are gneat the air for heating system, hot water for domestic use,
drying application for agriculture (Delisle & Kummert, 2012). Therefore, by removing the
extra generated heat, PV operation terafure will be low, thus the electrical performance

will be enhanced (Kalogirou, 2001). Dual application of the PVT (generating electricity and
hot water/ air) from the same unit save area especially, other than using two panels (PV and
solar collector) sparately (Koech,te. 2012). Hence, PVT considers as a good solution for

the congested area on the roof (Ibrahim e2@09).

3.6 PVT SystemDis- advantages

The PVT system has some disadvantages related to higher costs. PVT is higher in capital cost
and nstallation cost. For the operational cost, it is considered to be better than conventional
PV as it can save a ligr amount of energy (Hernandez eail13).

To overcome the high initial cost, le@ost material can be used to construct a PVT system. In
addition, the PVT system is not popular in the market as it is considered to be a new system

(Ibrahim et al. 2008).
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In addition to the abovementioned disadvantages, PVT thermal performance is considered to
be less than the conventional solar collect@etyThis is due to enhancement in electricity
performance which reduces the thermal proportion resulting from solar radiation. The
absorptivity of PV as a cover for PVT is less than the conventional type of covers used for solar

collectors (Pressiani, 2016

3.7 Previous PVT Experimental Studies Overview

There are numerous efforts have been deployed to investigate, study and optimize PVT system
performance worldwide. In the following, some of the examples will be presented which
directly related to the current research.

Hosseini, Hosseini, and Khorasardea (2011 performed an outdoor experiment to compare

the performance of conventional PV panels with another PV panel with the same specification
cooled by pumping water on the top of the panel in the form of a thin layer. The experiment
took place in Telan. The weather data (solar radiation and the ambient temperature) were
recorded at the site. Thermocouples were attached to the back of the panels to record the
temperature. In addition, the temperature of the outlet water from the panel has been.recorded
The experiment was conducted in September 10 days the data were collected every 10
minutes. The results showed that the combined PV panel with a cooling system had better
electrical efficiency for two main reasons. The first reason was pumping affivater at the

top of the PV panel reduced the reflected solar radiation. The second advantage was decreasing
PV temperature up to 38 in comparison with the other panel. Figure 3.3 showed the results
and the improvement in electrical efficiency betwé®e conventional panel and the panel with

the cooling system.
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Figure 3.3: comparison between the electrical efficiency of conventional P\Pahattached with
cooling system.
(Hosseini, Hosseini and Khorasanizad2®i. 1)

Huang, Sung, anden (2012 performed outdoor test using unglazed PVT in India. The PVT
specification was polycrystalline silicon PV, 240 W power output, sheet and tube type collector
made of copper. There was an adhesive on the backside of the PV panel. The system was a
closedloop system with a water tank, piping, thermocouples, Pyranometer, and data logger.
The data collected at the site were inlet water temperature, outlet water temperature, ambient
temperature, solar radiation. The data has been recorded every Ssirlixperimental results
showed that the water inléémperature increased from 1%CA4to 35.72C, PVT electrical
efficiency was 14.46% and thermal efficiency was 43.94%. Figure 3.4 shows the relation
between the overall PVT efficiency and the change &t t@mperature, ambient temperature,

and radiation.
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Figure 3.4: Change of PVT overall efficiency with change in outdoor condition and inlet water temper
(Huang, Sung Yen,2012)
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Dubey and Tay2012 compared the performance of two types of PVT panels. The study took
place in Singapore on 29/07/2010. The first type of PVT A was roystalline Si solar cells
attached with the thermal collector of tudbedsheet type. The second PVT B type is a
polycrystalline solar panel attached with a thermal collector pa#alde type. The experiment

was performed with two water flow rates (0.03 kg/s and 0.06 kg/s). The thermal performance
of the PVT panels has been validated theoretically. The results shatvéuktiperformance of

both PVT types was close to each other. Type A panel electrical efficiency was 11.8%, and
thermal efficiency was 40.7%. Type B electrical efficiency was 11&%thermal efficiency

was 39.4%. The outlet temperature of the PVT A assnflow rate 0.03 kg/s and 0.06 kg/s
were 55.3°C and 52.1°C respectively. For type B at mass flow rate 0.03 kg/s and 0.06 kg/s
were 56.0°C and 53.4°C respectively. In addition to the change in mass flow rate, the reason
behind the variation in outlet teragature was the intensity of solar radiation. In the validation
part between the experimental and theoretical results. Figure 3.5 shows the compatibility

between the experimental data and theoretical calculation.
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Figure 3.5: Variation of PVT overall efficiency with change in outdoor condition and inl
water temperature at mass flow rate of 0.03 kg/s for A type and B type respectivel

(Dubey and Tay, 2012)
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Jaiganesh and Duraiswar®013 ran an experiment on the glass to glass PV panel combined
with the flat plate solar collector in comparison with glass to tedlar PV. Tedlar is a
thermoplastic material that has characteristics of low permeability of water, weather resistance,

and high sength. The results from the mentioned experiment were as follows:

i.  The electrical efficiency of the GTGPVT was higher than the Glass to tedlar PV with
0.7%.

ii.  The electrical output of both panels increased with increasing the solar radiation and
PV surfae temperature as well.

iii. GTGPVT panel produced thermal efficiency of 44.37%. The overall efficiency was
56.02%.

iv.  The electrical efficiency is decreasing by increasing the PV surface temperature. The
PV surface temperature needs to be kept close to STC dsetlatest condition)

temperature to achieve better electrical efficiency results.

Calise and Vicidomin{2016 evaluate the technical and economic potential of implementing
PVT in comparison with the conventional PV systentheir study The experimentatetup
consisted of four number of PVHolycrystallinesilicon panels and four unglazed type PVT
Polycrystalline silicon panels. The total generated power was 2 kW (250 W/ Panel) with a total
PV area of 13 m2. In addition to the experimental test, a noahanalysis has been conducted

as well. The experimental components and layout Figure 3.6 were as follows:

I.  Four number of PV panels (250 W per panel).
ii.  Four number of PVT panels with the specification (850 W / panel, Thermal
production about 400 kW/m2, flow rate 100L/h and Area of 1.44 / panel)

iii.  Wilo Pump(capacity3.2 m3/h, Head 7.0 m)
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Iv.  Heat storage tank with a capacity of 200 L and maximum operating temperature of
95°C.
v. Expansion vessel.
vi.  Flow meterfor measiring flow meters.
vii.  Thermocouples for measuring temperature.
viii.  Datalogger.

iX. Inverter.
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Figure 3.6: Experiment layout
(Calise and Vicidomini, 2016)

Results from the experiment showed that the electrical performance of PV was better than PVT
as the conventional PV system generated 1778 kWh/year, and the PVT system generated 1156
kWh/ year. The electrical efficiency of the conventional PV system was 18%, and the electrical
efficiency of PVT was 11.6%. The difference in electrical efficiency des to the higher
average temperature of PVT than,mhich resulted in decreasing the electrical efficiency of
PVT. The authors stated that PVT was forced to operate at higher temperatures to satisfy the
required hot water during winter. The overall effncy of the PVT was about 26% which
compensates for the shortage in electrical efficiency. In addition to the operational results, the
research included economic feasibility study of the PVT and PV. A mathematical model has
been developed with some asstions to assess the financial part of the study. The following

equations presented the mathematical models developed to evaluate the yearly saving of PV
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(eCPV) and PVT (&CPVT) Ssystems. Both model s
operational cost, niatenance cost. The initial cost and the operation cost have been estimated
based on the reference system (RS). RS assumed that daily requirement of the electricity and
Hot water provided from gas boiled and the national grid. The maintenance cost iscsum

be 2% of the total initial or capital cost. Accordingly, the yearly cost saving of both PV and

PVT systems was represented by the following equations

DCoy =Epye® Co- Moy, (3.0
E 3¢
DC...=E 3C, +-—2HWth NG N i 2
PVT PVTel el hGB3 LCV PV G )

Where:

Epvt.erandEpy ei(kWh/year)- the energyroduced by both PVT and PV.

Ebnw,th (KWh/year)i Energy consumed for boiler to produced hot water

— T Thermalefficiency of the gas boiler.

The initial costs for the PVT system and PV
revenue from generated electrical power of
generated electrical and ther mal egoveramegty f r o1
provided a 50% contribution to cover the capital cost of both systempayback periodior

each system was 4 yeawghich is considered to be a positive result for both systems.

Other than the study conducted to compare the performancé witR PVT systemthere

were studies focused on experimentally testing working fluid with some additives. Mohammad
and Passandiddrard (2016 conducted an experiment test and developed a numerical model
to study the impact of adding some coolant (rkom) to the water in PVT to enhance the

performance. The narfituids of particles that have been chosen to be tested in comparison
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with water as a base were (Alumintoride (AkOz)), Titaniumoxide (TiG), and Zineoxide

(Zn0Q)). The main idea of the research was to add additives to the water which enhance heat
transfer between the absorber and the fluid. Accordingly, the overall efficiency of the PVT will
improve without changing the structure of the sgst The experimental setup consists of one
PVT panel with 40W electrical output and sheet and tubes collector type. Other parts were
thermocouples, data logger, water tank, Pyranometer, and flow meter. The test started at 9:00
am and ended at 3:00 pm dwieelective days in August and September in Iran. From the
experiment the outcomeshowed thafliOz/water and ZnO/water narftuids gave higher

electrical efficiency than ADs/water nandfluid and deionized water.

The electrical efficiency has been calteld from the PVT surface temperature values
collected from the test. Hence, water withOT and ZnO better enhance/ decrease the
temperature of the PVT surface. For the developed numerical model certain assumptions have

been made to simulate PVT performmanThe assumptions were as follows:

i.  Neglecting the Ohmic losses of PV as Dlemic losses are very low in comparison
with electrical production.

ii.  Fluid temperature inside the PVT various only in one direction (axial direction) as the
collector copper tubeare very small in diameter. Hence, the flow can be considered
lumped in the flow direction.

iii.  The flow of fluid is uniform.

iv.  Sky is the black body
The resulted in electrical efficiency model as follows:

0 & 2072707
S - 888888888888888 ov

Where:
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—  Electrical Efficiency
Voc - Opencircuit voltage

IscT the short circuit current
FF - Filled factor

O Input energy from the sun

The abovementioned model has been used to test different-flaitbpartial mass fractions
ranging from 0.05 to 10 wt%. Testing results exposed that the increase efitndnmoass
fraction from 0.05 to 10 wt% decreased the PVT surface temperature by 2%. Thoneiduct
temperaturas not considezd to be high. Hence, there was no significant improvement in
electrical efficiency. On the other hand, there was a high increase in the thermal performance

of the PVT when the nanftuid flow rate increased from 0.05 t® vt% almost four times.

Ibrahim et al, 2010 conducted an outdoor experimental test to investigate the performance of a
special spiral tube design absorber within the PVT unit. The spiral absorber was made of
stainless steel material with a rectangulapgh(dimensions 12.7x12.7 mm). The size of the
absorber tubes were (0.815 x 0.628 x 0.03 m). The spiral absorber was placed between the PV
panel at the top and insulation from the bottom. The PV panel dimensions were (1x0.65x0.3
m). PV panel was standaralgcrystalline with single glaze type with 80 W power output.
Different flow rates have been tested (0.034, 0.039, and 0.041 kg/ s). The experiment was
conducted on 30 December 2009. The peak of solar radiation at 14:00 hr was 1321 W/m2. The
results are stwn in Figure 3.7. As the water flow rate increased the efficiency reached-steady
state values. Thereforé, can be concluded that increasiting fluid flow rate resulted in

decreasing the PV surface temperature due to an increase in heat transfescaatingly,
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both electrical and thermal efficiency is enhanced. As well known, PVT efficiency is the

summation of electrical and thermal efficiencies.

ke

Figure 3.7: PVT efficiency, PV electrical efficiency and thermal efficiency verse ti
(Ibrahim et al, 201D

Rahou et al.(2014) studied the effect of changing the water flow rate on the efficiency of the

PVT. The results were matching with the (Ibrahim et al, 2010) study. The results are shown in

Figure 3.8 Effect of change flow raten PVT efficiency.
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Mati Figure 3.8: Effect of change flow rate on PVT efficiendgghou et al., 2034 ~ o cooling the PV

surface temperature and related enhancement in electrical efficiency. Titig ¢dessisted of
luminaires used to simulate solar radiation, water tank, PV patiell40 W, Temperature
sensor to measure ambient and PV surface temperature, flow meter. A maximum power point
tracker device (MPPT) is used to extract the generated power from the PV panel. The water

was sprayed on the top of the panel and flowed dasimgugravity. A gutter has been placed
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on the lower level of the PV panel to collect the water. The test has been conducted with
changing water flow rates (1 L/min, 2 L/min, 3 L/min, and 4 L/min). Figure 3.9 shows that the
higher power generation was wighflow rate of 2 L/min. Moreover, decreasing the surface

temperature enhanced PV output voltage and accordingly output power.
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Figure 3.9:Resulted PV power output with different water flow rate verses t
From (Matias et al, 2017) es that have

been tested in the first phase of the project were exced$ige/ariation in power output from

PV was limited despite the change in flow rate. Therefonevaapproach has been followed

to test the power output from the PV panel. The same condition of the previous test has been
kept unchanged. The water flow rate was kept constant at 1 L/min and, the solenoid was opened
and closed alternatively in differetime intervals to achieve different flow rates. TaBlg

shows the resukd (output power and electrical efficiency) from different flow rates. The

highest value of output power was with 60¢th (0.6 L/min)flow.

Table 3.1:Resulted PV power outpuhd efficiency with different flow rates
(Matiaset al, 2017)
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Vimal, (2017 in his experimental work, compared the performance of two systems
configurations (series and parallel). The first system was two flat plate solar collectors
connected in parallel. One of the collectors was attached to the PV panel. The second system
was he series connection of two flat pdataind one of the collectors was attached with a PV
panel to form PVT. PV panel was glass to glass type with dimensions of 0.65 x 0.61 m, with
an efficiency of 12%, and output power 40W. The flat plate solar collesgiecsfications were,

tube and plate type, Area 2 m2 tubes made of copper, plate thickness 0.002m, and thickness of
insulation 0.1m. The results showed that the thermal performance of parallel configuration was
better than a series connection. The disaggnbf the parallel connection was higher PVT
surface temperature which decreased the electrical efficiency. Series test connection produced

better electrical efficiency than parallel connection.

Abdullah et al (2019 presented a full review of the maiarameters that are affecting the
performance of PVT based on other researches. They classified the parameters into three
groups design parameterslimateparameters, and operation paramet@rs of thgparameter

was the climate conditions. The sparaneters in the climate conditions wesaar radiation,
ambient temperature, dusglative humidity, and wind speed. The first tested gatameter

was the solar intensity. The solar radiation intensity was increased from 100 to 1080 W/m
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This resulted inncreasing the output PV current and output PV power gradually as shown in

Figure 3.10. The PV temperature was maintained constant i@féinence cell temperature of

25°C.
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Figure 3.10:Effect of increasing solar radiation on both generated pangicurrent
with maintaining PV temperature constant at 25C _
In ac (Abdullah et al, 2019) creasing the

solar radiation intensity from 100 t01000 W/as shown in Figure 3.11
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Figure 3.11:Effect of increasing solar radiation on Electrical efficiency
(Abdullah et al, 2019)

Njok et al.(2019 studied the effect of relative humidity on PV efficiency. The results disclosed
that the efficiency conversion factor increased with decreasing the relative humidity. In
addition, another study conducted by OnmiEpple et al2009 The results are preged in

Figure 3.12Theeffect of increasing relative humidity on PV electrical efficiency.
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Figure 3.12:Effect of increasing Relative humidity on Electrical efficiency
(Abdullah et al, 2019)

The effect of wind speed experimentally studigdAdeli et aJ 2012 The results showed that
increasing wind speed from1D m/s decreased the thermal efficiency of the PVT from 51%

to 29% and increased the electrical efficiency from 8% to 9.5%.

In another study Koech et.gR012 considered the efé of ambient temperature on the
performance of PVT. The outcomes of the study showed that increasing ambient temperature

affect negatively on both electrical and thermal efficiencies of PVT as shown in Figure 3.13.
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Figure 3.13:Effect of ambientemperature on both electrical and thermal efficiency
(Abdullah et al, 2019)

Several studies have been conducted to investigate the effect of dust accumulation on PV
performance and transmission. Ndiaye et (2013 studied the impact of dust on the

performance of PV. They found that accumulating dust on the panel decreases the output
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generated power as shown in Figure 3.14. The impact of dust varies with the type of the PV

panel.
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& (Abdullah et al, 2019) iance of the

panel. Therefore, many studies have been conducted to explore the impact of ctiesigimg

parameters (Abdullah et.&019):

i.  Duct/ channel collector dimensions (length or width),
ii.  Number of collectors tubes
iii.  Using the tracking system
iv.  Using the reflectors.
v. Panel Tilt Angle.
vi. PV module type.
vii.  Number of glazing and glazing thickness
viii.  UsingAnti-reflection coating.
ix.  Riser configuration and location.

X.  Tedlar thermal properties.
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xi.  Thermal insulation properties.
xii.  Absorber material and thickness.

xiii.  Availability of fins and Effect of mutinlet.

Tonui and Tripanagnostopoul¢8007) in their study invesgated the effect of changing
the duct/channel collector length on PVT performance. The study concluded that with
increasing the duct channel length the thermal efficiency increased. However, the electrical
efficiency decreased as the temperature of ienBdule increased with a constant flow

rate as shown in Figure 3.15.
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Figure 3.15:Effect of changing duct/ channel length on PVT performance
(Abdullah et al, 2019)

Adeli et al.(2012 studied the effect of changing the duct/ channel depth on the performance
of PVT. The channel depth increased from 0.001 to 0.Acenordingly, thermal efficiency
enhanced and increased from 0% to 48%. However, there was a minor increase in the electrical

efficiency as shown in Figure 3.16.
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Figure 3.16:Effect of changing duct/ channel depth on PVT performanc
(Abdullah et al, 2019)

Tiwari (2011) Conducted a theoretical study to assess the effect of the increasing number of
collectors from (2 to 8) on the PVT performance with a constant flow rate of 0.04 kg/s. The
results showed that the electrical efficiency enhanced with increasing colleatabem®n

the other hand, the electrical efficiency decreased as shown in Figure 3.17
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Figure 3.17:Effect of increased number of collectors on electrical and thermal perforn
(Abdullah et al, 2019)
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Kacira et al(2004) studied thempact of using a sun tracking system on PV performance. The
results showed that the total solar radiation gained increased by 29.3 % and resulted in

increasing the PV power generated by 34.6 % as shown in Figure 3.18.
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Figure 3.18:Effect of using solar tracking system on the PV power generation
(Abdullah et al, 2019)

Tripanagnosto Poulos et €002 in their study, integrated the booster diffuse reflector system
into the PVT system. The booster diffuse reflector provided an additional 35% of solar
radiation on the PV surface. As a result, the power output increased by 30%. Thermal efficiency

increasd from 55% to 75% by using water as a working fluid.

Kaya (2013 analyzed the performance of PVT under UAE climate conditions. Analysis was
done experimentally and theoretically. By using the Polysun simulation software the tilt angle
has been changed Wwifl9 different angles starting from 0 to 90 degrees. The electrical and
thermal output have been found as per Figure 3.19. The optimum tilt angle that resulted in

the highest electrical power generation was 25 degrees.
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Thermal and electrical performance of PV/'T collectors vs. tilt angle
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Figure 3.19:Effect of changing tilt angle on both electrical and thermal output power of
(Kaya, 2013)

Daghigh et al(2012 tested different types of PV (amorphous and crystalline silicon) as part

of the PVT system. The two types of PV tested with solar radiation betwe&a0mw/m2,

under Malaysia climate, ambient temperature betweeB2€ and flow rate 0.02 kg /s. The
results revealed that the performance of crystalline silicon PV type is better than amorphous
PV type in terms of electrical efficiency. The electrical efficiency, thermal efficiency, and
overall PVT efficiency with crystalline silicon PV type were 11.694%5 and 63%
respectively. In the case of amorphous PV types, the results were 4.9%, 72%, 77% respectively

as shown in Figure 3.20.
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Figure 3.20: Effect of changing flow rate on two types of PVT
(Daghigh et al., 20102
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Bakari et al (2014) analyzed the number of glaze effects and glaze thickness on thiaféat

solar collector performance. The study included testing 4 types of the collector with different
thicknesses of glaze type low iron glass. The range of test thicknesses was Bimpg fhm,

and 6 mm. Many factors are affecting the performance of solar collectors and related to the
glaze properties such as transmittance, absorptance, and reflectance of the glass. The optimum

thickness which gave the highest efficiency was 4mm asrshothe below Figure 3.21
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Figure 3.21:Output thermal energy from solar collector for different glass thicknes
(Bakari et al201])

In addition to the previous study Zondag e{2003 stated that using of glaze and the number
of glazed depends on the application of PVT. Therefore, the application with the low
temperature requirement and high requirement of electrical energy un@&detype is a
suitable option. In Table 3.2 different PVT options with glaze and unglazed are presented.

Table 3.2: Thermal and electrical efficiencies for PVT unglazed and glazed types
(Abdullah et al, 2019)

Panel type _ Thermal efficiency _ Electrical efficiency
PV laminate - 0.097
Sheet and tube PVT-collector O cover 0.52 0.097
Sheet and tube PVT-collector 1 cover 0.58 0.089
Sheet and tube PVT-collector 2 cover 0.58 0.081
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Khaki et al (2017 studied the energy improvement of two types of glazed anglazred
(BIPVIT). The outcome showed that the performance of glazed was higher than the unglazed

BIPV/T system as shown in Figure 3.22.
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Figure 3.22:Useful exergy gain for uglazed and glazeBIPV/T system (Khaki et al, 2017)

Yahia et al(2019 studied the effect of change of two parameters tubes diameters and collector
length on the PVT efficiency. The tube diameters were made of coppers and the diameters have
been changed as per the range of (8, 8.64, 13.84, 16.92, and 19.94 mm) the efficdegey

did not exceed 2% as shown in Figure 3.23

04

Figure 3.23:effect of change in tubes diameter and length on EffiCiency(Yahia et al2019

Ekramian et al(2014) conducted a simulation study for different types of risers (f) triangular,
(9) square, (h) hexagonal, and (c) circular shapes). The flow rate was kept constant during the
study (0.02 kg/s). Simulation results showed that shape C (Circular shape) pithéutgtiest

efficiency among the other shapes as shown in Figure 3.24.
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Figure3.24 PVT efficiency verses riser shaflekramian et al2014

Sachit et al(2019 conducted a simulation study to compare two types of absorbers. The types
were serpirdirect and serpentingow design as shown in Figure 3.25 and Figure 3.26. The
results aresshown in Figures 2.27 and 2.28rpentine absorber design had bgiegformance

in terms of thermal and electrical efficiencies.

Figure 3.26serpentine Flow Design
(Sachit et al2019) (Sachit et al2019)

Figure 3.25serpindirectabsorber,

s Serpin-cirect design at 300 W/m2
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Figure 3.27:Thermal efficiency of two types of absorbe®ahit et al2019)
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Figure 3.28:Electrical efficiency ofwo types of absorberSéchit et al2019)
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Ekramian et al(2014) studied the effect of changing the absorptivity of the solar collector
absorber on the thermal efficiency. The main characteristics of the absorber are shown in Table
3.3. The results of the study showed that the thermal efficiency increased linearly with

increasing the solar collector absorptivity as shown in Figure 3.29

Table: 3.3Absorber main characteristics

Absorber material Thickness [mm] Density [kg/m®] Thermal conductivity [W/mk] Heat capacity [i/kgK]

Copper ~0.3 8,920 380 350
Aluminium ~1 2,700 160 900
Steel ~2 7,860 S0 450
Polymer ~2-3 900-1,500 0.2-08 1200-1800
0.83
0.82
E 0.81
2
o
£ 08
w
0.79
0.78 - .
0.75 08 0.85 09 0.95 1
Absorber absorptivity

Figure 3.29: Thermal efficiency verses absorptivity
(Ekramian et al2014)

Hongbing et al(2015 studied the effect of inlet water temperature on the electrical and thermal
performance of the PVT. The results showed that increasing inlet fluid temperature decreases

both electrical and thermal efficiency as shown in Figu3é.3.
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Figure 3.30: Effect of increasing inlet temperature on the electrical and thermal efficiency of the
(Hongbing et al2015)



Rosli et al.(2015 studied the effect of heat removal factor FR on PVT. The PVT was with
serpentine tube collector type. The study was focused on the thickness of the absorber and the
tubes. Absorber with a thickness of 0.015 m gave the highest thermal removadactioo

0.88 as shown in Figure 3.31

Figure 3.31: Heat removal factor for collector wigerpentine tube collector typePVT (Rosli
et al. 201%

Somasundaram and T&%019 performed a study to investigate the performance and cost
effectiveness of PVT. The PVT system was installed in a student hostel in Singapore. The
average solar radiationtensity in Singapore 435 W/n? per year. There were three storage
tanks connectkto the PVT system. Tank A the coldest one and connected with the freshwater
supply. Tank C was filled with the highest water temperature and connected to the showers.
The system has been equipped with all the necessary sensors, data logger, pyraammeter,

flow meters to record the required data.
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Figure 3.32: Schematic diagram of the testing-set

(Somasundaram and Tay, 2019

There were three different types of PVT installed onhibstelroof for comparison purposes.

The used types and the characteristics of each one are summarized in Table 3.4.
Table3.4: Characteristics of three types of PVT used in the experiment

(Somasundaram and Tay, 2019

The total cost of the system was calculated from the capital cost and irstalldte capital
cost including, material cost was 46,000 SGD, and the installation cost was about14,000 SGD.

The financial feasibility of the system has been found by including the following parameters:

I. 1% of the capital cost is considered to be Ani@aération and maintenance cost.
ii. 5% of the capital cost was considered to be Decommissioning cost.

iii. 5% of the capital cost was considered to be salvage cost.

iv.  Lifetime of system 25 years
v. Discount rate assumed to be 5%

vi. Inflation rate 2.4%peryear

vii.  Degradatio rate 0.75%peryear

viii.  Cost of electricity (Tariff) 0.2634 SGD /kWh
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Table 3.5 shows annual cost savings resulting from using the PVT system. The same has been

used to calculate tHfenancialfeasibility of the system.

Table 3.5 Shows annual cost savimgsulted from using PVT system

Item Output Benefits
Electrical energy 10,235 KkWh 52696
Solar thermal energy 16,511 kWh 54578

The results from the experiments showed typical electrical and thermal efficiencies as shown

in Figure 3.3 and Figure 3.3

—— Solar radiation —&— Thermal efficiency
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Time of the day
Figure 3.33: Typical resulted thermal efficiency from PVT system under Singapore climate con

(Somasundaram and Tay, 2019

Thermal efficiency defines as the ratio between the output thermal energy to the total solar
radiation that falls into the PVT pandiigure 3.34 shows that thermal energy during

morning time was better than in afternoon time. The reason was due to high solar radiation
intensity at noontime. The second reason is the water inlet in the afternoon time has a higher

temperature.
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Figure 3.34: Typical resulted Electrical efficiency from PVT system under Singapore climate conc

(Somasundaram and Tay, 2019

The sameperformanceof electrical efficiency was observed, the electrical efficiency
started at morning time with high value then degraded. The reasons were due to high solar
intensity during noontime and due to high water temperature inlet.
In general, the authoc®ncludel that the PVT performance is highly affected by the usage
and the load profile. The payback period of the system was 12.5 years. fitearusally
feasible solution.
Keizer et al (20169 studied three different systems of unglazed PVT with the following
descriptions:
i. System A: Two number of-8i PV types attached with solar collector with the
specification of (uninsulated absorber, total gross area of3.8m mass flow rate
74 /e,
ii.  System BCIGS panel attached with the insulated absorber. The number of PVT
panels was four with a total gross area.dfa and a flow rate of 24 |/fh.
ili.  System C: buildingntegrated €Si PV with the insulated absorber. Two PVT
panels, gross area of 318, flow rate 18 I/mh.
PVT panels were connected in series for each system. Water flow rates were different and

decided based on the manufacturer's recommendation. The inlet water temperature for all
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