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ABSTRACT

The cost of photovoltaic (PV) panels has decreased significantly in recent years,
making their use widespread in homes for generating electricity. Despite the fact that
PVs rely on the free energy of the sun, they have low conversion efficiency. Moreover,
their efficiency decreases as the temperature of the cells rises, which is inevitable under

solar radiation.

The current study aims to find a solution to the previously mentioned problem by
examining phase change material (PCM)-based passive hybrid cooling systems for
reducing PV temperatures. This examination was done through an experimental
approach. Four different hybrid cooling systems which incorporate various melting
point PCMs (25°C and 35°C) along with different heat transfer elements (fins and
porous medium) were manufactured and tested under laboratory conditions. The
experiments measured the temperature of the PV panels, as well as the generated
current and voltage. Results showed that the hybrid cooling system consisting of low
melting point PCM and fins resulted in the greatest temperature drop of 17°C
compared to the test case of a PV without any cooling system. The maximum
efficiency increase was found to be 17% through experimental calculation and 7%
through theoretical calculation, using the low melting point PCM and porous medium
configuration. The results also indicated that configurations with low melting point

PCM are effective when the environmental temperature is moderate.

Keywords: PCM-Based Hybrid Cooling Systems, PV Cooling, Photovoltaics,

Thermal Regulation, Renewable Energy, Efficiency Increase.
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0z

Giinesten 1s1nlart ile bedava enerji iiretimine olanak tanimasi ve son yillardaki fiyat
diisiisliyle evlerde enerji tiretimi amaciyla kullanimi yayginlasan fotovoltaik (FV)
panellerin ne yazik ki enerji verimliligi konusunda yetersiz olusu su gotiirmez bir
gergektir. Buna ek olarak ise, FV verimliligi yiikselen gilines hiicre sicakliklariyla daha
da diismektedir, ki bu durum gilines 1sinlarindan enerji iireten bir ara¢ igin

kaginilmazdir.

Bu calisma, daha 6nceden bahsedilen sorunun ¢6ziimii i¢in faz degistiren malzeme
(FDM) tabanli pasif hibrit sogutma sistemlerinin kullanilmasini dneren deneysel bir
caligmadir. Laboratuvar ortaminda iki farkli ergime sicakligi olan FDM (25°C ve
35°C) ve iki farkli 1s1 iletim elemani (kanatcik ve gozenekli ortam) kullanilarak dort
ayr1 hibrit sogutma sistemi test edilmistir. Deney siiresi boyunca FV panel sicakliklar
ile birlikte iiretilen gerilim ve akim oOlgiilmiistiir. Deney sonuglarinda diisiik ergime
sicakligina sahip FDM ve kanat¢ik kombinasyonun sadece FVnin oldugu kontrol
durumuna gore anlik olarak 17°C daha soguk kaldig1 kaydedilmistir. Buna ek olarak,
diisiik ergime sicakligina sahip FDM ve gecirgen ortam iceren durumun FV
verimliligini deneysel olarak %17 ve teorik olarak %7 seviyesinin iizerine ¢ikardigi

hesaplanmuistir.

Anahtar Kelimeler: FDM Tabanli Hibrit Sogutma Sistemleri, FV Sogutma,

Fotovoltaik, Sicaklik Kontrolii, Yenilenebilir Enerji, Verimlilik Iyilestirmesi.
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Chapter 1

INTRODUCTION

1.1 Background

Unceasing rise of greenhouse gas emissions primarily due to fossil fuel combustions
are considered to be the main reason of the climate change. Climate change, along with
the fluctuation in fossil fuel prices, has driven the development and implementation of
renewable energy technologies. Over the past few decades, there has been a significant
increase in the generation of electricity from renewable sources, as seen in Figure 1.
This shift towards renewable energy sources is crucial to mitigate the negative impacts

of climate change and promote sustainable energy solutions.

Generation of energy —or conversion from one form to another- is one of the
challenging issues of the humankind. In today’s world, harvesting green energy as
efficient as possible has the same importance as the harvesting energy from renewable
sources. The most common ways to decrease the dependency on fossil fuels in
dwellings are photovoltaic (PV) panels, solar thermals, wind turbines, nuclear power
plants and geothermal [1]. Throughout the years from 1990 to 2020, electricity
generation from renewables such as hydropower, biomass, geothermal, wind and solar

increased more than threefold from 2.3 PWh to 7.4 PWh as it is shown in Figure 1 [2].
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Figure 1: Renewable electricity generation based on generation technologies from
1990 to 2020 [2]

Today, harvesting solar energy for electricity production on site at homes by using
PVs is prevalent, thanks to the fall of their prices during the past decades as it is
visualized in Figure 2, ease in implementing the technology and abundance of solar
energy available on various parts of the world. Although PVs are one of the widely
used renewable energy generation technologies, they endure from low energy
conversion efficiency —as low as converting about 18% of the incident radiation to

electricity for commercial monocrystalline silicon solar cells- [3].
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1990 1995 2000 2005 2010 2015 2020
Years

Figure 2: PV module costs per watt between 1990 and 2019 [4].

1.2 Problem Statement

PVs suffer from low efficiency. Their solar to electrical energy conversion efficiencies
are about 25% in the best case scenario (for conventional PVs), meaning that only one
fourth of the incident radiation can be converted to electrical energy [5,6]. In addition
to their inherent low energy conversion efficiency, PVs experience decrease in
efficiency with increase in their operational temperature. Based on various
studies/manufacturers, operation temperatures above 25°C reduce electricity
production of PV despite that the PVs usually reach high temperatures at times as high
as 80°C under high insolation [7-9]. According to solar cell performance studies,
photoelectric conversion efficiency decreases 0.4-0.65% per unit temperature
increment [10-13]. In addition to negative impact on energy conversion efficiency,

high temperatures are deteriorating PVs structural integrity.

In order to harvest maximum energy from PVs as well as to ensure longer operational

life for them, thermal regulation (TR) can be considered as a solution. Two main



cooling techniques; active and passive cooling, prevail for thermally controlling PVs.
Active cooling techniques can control the temperatures effectively by circulation of
cooling fluids through conduits in contact with PV panels by means of pumps and fans,
whereas fundamental heat transfer modes such as natural convection and conduction
without any external energy use can be utilized for passive cooling approaches [14].
Numerous passive cooling techniques are applied to regulate the temperature of PV
panels such as submerged water cooling, air flow induced by buoyancy, heat
dissipaters or heat sinks, phase changing materials (PCMs), and evaporative cooling
[15,16].

1.3 Objectives and Scope of the Study

The primary objective of this study is to investigate the TR of PVs with PCM-based
passive hybrid cooling systems along with the energy conversion efficiency of PVs
with and without passive hybrid TR systems through an experimental approach. It is
also intended to investigate the increase in electricity generation due to the application
of TR systems compared to the control case (Case 1) —thermally untreated PV—, and

to reveal the system that would lead to the maximum power output.

Four different passive hybrid cooling systems will be investigated; i- fins integrated
with low melting point (25°C peak) PCM (Case 2), ii- porous medium integrated with
low melting point (25°C peak) PCM (Case 3), iii- fins integrated with high melting
point (35°C peak) PCM (Case 4) and iv- porous medium integrated with high melting
point (35°C peak) PCM (Case 2). TR systems will be realized by manufacturing the
containers that will integrate the PCMs, fins and porous medium. Measurements of the
PV operation temperatures and power output will be performed, and conversion

efficiencies will be evaluated under laboratory conditions.



1.4 Thesis Organization

Present thesis is composed of six chapters, which are; introduction, literature review,
methodology, experimental scheme, results & discussion and conclusion. Previous
studies on solar energy along with TR of PVs are presented in chapter two. Chapter
three describes the methodology followed for the realization of this thesis and the
specifications of tools and materials which are used. Chapter four elaborates the
manufacturing of the passive hybrid TR systems and the experimental procedure for
measuring the associated parameters. Chapter five presents the results with discussion.
Chapter six interprets the major findings, draws conclusion along with suggestions for

further studies with recommended experimental designs.



Chapter 2

LITERATURE REVIEW

2.1 Overview

Maximization of energy harvesting and utilization of renewable energy sources are
key points to make humankind, as well as the environment, free from fossil fuels.
Specifically, if the point of interest is generation of electrical energy from solar energy,
based on up-to-date PV technology, keeping PV cell temperatures as low as possible
is not only having crucial role on energy harvesting, but also on thermal stresses on
PV panels. This chapter presents brief history of solar energy harvesting through PVs
and studies on passive TR of PVs by means of PCMs, porous medium and integrated

PCMs and porous medium.
2.2 Historical Development of Photovoltaics

As the first step of photovoltaics, Becquerel invented photovoltaic effect as a result of
his observation of electric current generated by a silver coated platinum electrode
under light at late 19" century [17,18]. In 1873, Smith found that the element Selenium
is photoconductive and four years later, in 1877, Adams and Day revealed that the
same element can generate small amount of electricity when it is exposed to light
[19,20]. Fritts, manufacture the first ever PV panel from selenium wafers with gold
plates in 1883 [21]. To create asymmetric electronic junctions, Schottky barrier
devices needed for early PV cells —by thin layers of semi opaque metals on top of
semiconductors— [22]. Hallwachs, in 1904, discovered that copper and cuprous oxide
is photosensitive, that means those element and its compound can generate electric

6



current with the stimulation of light [23]. After a decade, Czochralski, paved a way for
growing single silicon crystals by pulling wires composed of single crystalline of low

melting points such as tin and zinc from melts [24].

Chapin, Fuller and Pearson, were the first manufacturers of PVs with silicon p-n
junctions and according to their study that is conducted in 1954, a cell generated
electricity with a rate of 60 watts per square meter of PV surface. That means
researchers achieved to harvest approximately 6% of the solar radiation in order to
produce electricity. In addition to that, researchers calculated the maximum reachable
efficiency for entire solar spectrum is nearly 22% without any system loss [25]. At the
same year, Kuwabara conducted experiments on cadmium sulphide and he discovered
that the thin films of given compound is photoconductive [26]. Four years later,
Vanguard 1 satellite was equipped with six single crystal silicon solar cells with 10%
efficiency and area of 0.8 cm2. As a result of this space application, solar energy
harvesting become more promising [27,28]. In another space application, in 1959,
Explorer VI satellite was sent to the space with four paddles of PV —each containing

2,000 solar cells- [29].

As a result of energy crisis in 1970s, the world shifted to find other energy resources
than fossil fuels. PVs were subjected a great interest and humankind tried its best to
achieve higher energy conversion efficiencies with cheaper and commercially
achievable PV technologies. Perlin, Berman and his research group —with economical
help of Exxon Corporation- used low cost crystalline silicon wafers unlike space
industry to manufacture semiconductors for PV cells and this was a major
improvement commercialization of PVs. Moreover, polycrystalline and amorphous

silicon along with organic conductors and thin films were added to the strategic

7



scheme to decrease PV cost [22,30]. Carlson and Wronski managed to fabricate the

first PV cells from amorphous silicon [31].

In 1982, the first solar car, also known as the Quiet Achiever or BP Star Trek, was
driven by Hans Tholstrup more than 4,000 km in 20 days with average speed of 30
km/h [32]. ARCO Solar, in 1983, built a 6-megawatt DC substation that is
interconnected to the grid in California with two-axis trackers. Each tracker had 256
single crystal solar cell modules and the total area of the PV generators was
approximately 80,937 m2 (20 acres) [33]. Green and his research group broke the
efficiency barrier of 20% for silicon solar cells with one sun condition in 1986 with
the efficiency of 20.6%, and they later on achieved higher efficiencies [34,35].
Researchers from University of South Florida built thin film PV cells with cadmium
telluride and this invention was capable of converting 15.9% of the incident radiation
into electric energy. This was the highest efficiency for thin films until 1992 [36]. Wilt
et al. used PV cells containing gallium, indium and arsenide in their study in 1994, as
a result of their study, given system efficiency could reach 30% with some alterations

such as material optimization as well as anti-reflective coating [37].

PV cells are used also in aeronautical industry, aside from model R/C planes, manned
flights were conducted with solar energy. Garton created an 80W solar powered under
2 kg (4 1b) model plane with a wingspan of nearly 5.5 m (18 ft) in 1993. Five years
later, Beck made a flight with a similar plane —solar solitude- with the weight of 2 kg
(4.4 Ib) and wingspan of a little over 2.7 m (8.9 ft) using a 63 W of solar cells.
University of Stuttgart built Icaré 2, used the information supplied by Beck’s previous
studies and solar aircraft —solar excel-, and this airplane was piloted by Klaus Ohlmann

in 1996. Icaré 2 had wingspan of 25 m, weight of 270 kg, and its maximum and on-

8



hover powers were 14 and 1.8 kW respectively [38—40]. NASA, in 2002, built
remotely controlled aircraft Pathfinder Plus with total of 12.5 kW solar array and this
aircraft has wingspan and weight of 36.3 m (121 ft) and 315 kg (700 Ib) respectively
[41].

2.3 Phase Change Material-based Thermal Regulation of

Photovoltaic Panels

Usage of PCM in TR of Si and Ge solar detectors on the Pioneer-Venus spacecraft

paved a way for researchers to use PCMs in passive TR applications [42,43].

In 2010, experimental test was conducted to investigate the PCM performances on TR
of PVs with five different PCMs, which were paraffin (RT20), eutectic (capric-lauric
acid), eutectic (capric-palmitic acid), salt hydrate (CaCl2-:6H20) and commercial
blend (SP22). As a result of this study of, researchers found that the best option was
salt hydrate and this compound created the highest cooling of 10°C temperature
decrement in PV temperature after five hours of 1000 W/m2 solar irradiation [44].
Later, researchers performed another experimental work by comparing capric-palmitic
acid with salt hydrate in outdoor environments in Dublin, Ireland and Vehari, Pakistan.
As the results show, under around 330 W of incident solar energy on PVs with
dimensions of 771 mm X 665 mm, salt hydrate —has about 7°C higher melting point-

created a larger increment in electrical energy generation efficiency [45,46].

Along with experimental studies, effect of transition temperature of PCMs on electrical
generation of PVs also studied numerically. Electrical performance of PV panels with
PCMs having different melting points —melting areas of 9-10°C, 17-19°C, 22-26°C

and 34-36°C- of organic paraffin compounds were compared with dynamic simulation



processes with central European weather conditions. As a result of this study, it is
discovered that the optimum melting temperature for higher energy generation
efficiency should be around 20°C [47]. According to another numerical study
conducted with use of TRNSYS, with organic paraffin (RT28HC) used as a PCM,
researchers found that maximum temperature difference with and without PCM can
rise up to 35.6°C for a day, and it creates about 7% energy generation difference

annually [48].

Although it is mentioned previously that 20°C melting point of PCM is optimal,
weather conditions have a huge impact on TRs. An experimental study with organic
paraffin PCM with melting rage between 38°C and 42°C were performed for hot
climate zone —the United Arab Emirates-. Data acquisition was done on the average
day of each month. Almost 6% yearly energy yield increment for PV-PCM system was
shown at the end of this study [49]. In addition to this study, researchers logged
temperature data of the same location throughout the year to investigate thermal
behavior. Fatty acid ester (coconut oil) and petroleum jelly (Vaseline) have transition
temperatures of 24°C and 44°C respectively. It is shown that petroleum jelly is a better
option in contrast to fatty acid ester for intermediate and summer seasons whereas
there is almost any difference between those PCMs for winter. Overall, when the mean
operation temperatures are compared, PCMs used in that study showed 4°C

temperature reduction, which refers about 2% energy generation increment [50].

Not only PCM specification and climatic conditions, but also heat conduction of PCMs
and containers affects the TR of PVs. Researchers used expanded graphite composite
to increase conductivity of PCM by adding the compound into the melted paraffin

(ZDJN-28) with the mass ratio of 80% paraffin to 20% graphite composite. When it is

10



compared, the heat flow increased by 2 W/g with expanded graphite addition into PCM
despite the latent heat of fusion of PCM is almost 40 kJ/kg higher than PCM/expanded
graphite mixture. As a result of simulation and experimental work, system increased

about 11.5% of maximum and 7.3% of average electric generation [51].

Researchers have also investigated approaches such as integrating additional heat
transfer media to increase the heat flow to cool PVs down. A group of researchers used
paraffin-based PCM (RT35) and Waksol of same density with metal fins to discover
the convection and segregation. As a result of this study, they have observed that the
heat transfer rate in PCMs increased due to increased surface area. On the other hand,
presence of metal fins could lead bubble formations around the fins during the
solidification of PCMs since PCMs shrink during this process [52]. Besides, Atkin and
Farid came up with another experimental setup that has aluminum fin attached on the
rear face of the PV along with aluminum fins are attached on the outer side of PCM
container that has graphite-infused PCM inside and tested the rig numerically and
experimentally. At the end of this study, researchers revealed that the overall
efficiency, compared to the test case, which is untreated PV panel, only aluminum fins
attached at the PV has the lowest efficiency increase. However, as the duration
increases, effect of aluminum fins on the PCM container decreases [53]. A group of
Turkish scientists focused on cooling techniques of PV panels experimentally. They
used calcium chloride hexahydrate (CaCl2-6H20) as PCM and aluminum fins. After
they had performed the experiment and compared the results of untreated PV, PV-
PCM and PV-PCM with fins attached on the PCM tank, they have revealed that the

minimum and maximum power differences are respectively around 0.36W and 2.84W

11



between the PV and PV-PCM and around 0.61W and 3.33W between PV and PV-

PCM with fins systems [54].

Another fin-integrated PV-PCM study had been conducted in Iran under laboratory
conditions. Researchers used 1 kW tungsten projectors to imitate sunlight and heat,
polyethylene glycol 600 (PEG-600) and paraffin as PCMs and aluminum fins. As a
result of the study, they discovered that paraffin-based systems —systems have higher

melting point PCM- kept PVs cooler for longer periods of time [55].

Furthermore, researchers study on optimization of finned PV-PCM systems to increase
the energy harvesting efficiency as much as possible. According to a numerical study
carried on ANSYS Fluent 17.1, researchers showed that smaller spacing between fins
needs more PCM mass since the melting process speeds up due to increased heat
transfer surface. Additionally, it is showed that fin thickness should be around 2 mm
to transfer the heat effectively as a result of conduction characteristics of metal bodies
[56]. Bria et al. studied how the PCM thickness affects the performance of PV-PCM
systems using paraffin (RT42) as PCM with fins numerically on ANSYS Fluent for
Eastern Morocco according to the climate data collected from the meteorological
station. Different PCM thickness values had been investigated during the study. As a
conclusion, researchers showed that PCM with fins could be able to keep the system
32°C cooler than conventional PV panels and the optimal thickness for tested system

1s 6 cm, where the maximum output power is reached [57].

Not only infusions and fins but also porous media used along with PCMs for TRs of
PVs. Duan numerically and experimentally studied a PCM with porous system to cool
PVs. Researcher used metal foams with different porosities, coconut oil and paraffin-
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based (RT42) PCMs and different inclination angles for examination. At the end of
this study, it is found that the inclination angle and melting time are proportional and
melting time at 90° inclination is 0.8 and 1.9 times longer than 0° inclinations for 0.85
and 0.95 porosities respectively. Additionally, it is showed that 0.90 porosity keeps
solar cells the coolest at the end of 200 minutes of testing duration [58]. Another study
that used copper foam as porous medium is directly attached on the rear panel of PV,
paraffin wax as PCM and enclosure is closed with aluminum sheet. As a result,
researchers showed that the PCM-copper metal foam provides better thermal
performance than single PV and PV-PCM combinations. Electrical efficiency is about
10% for PV-PCM with copper foam, 9.85% for PV-PCM and 9.8% for bare PV [59].
Firoozzadeh and Shiravi used aluminum metal matrix as porous medium located at the
back panel. The results revealed that electrical efficiency of PVs increased by 3.1%
with PV-PCM with aluminum metal matrix and temperature reduction between PV
with porous medium and PV-PCM with porous medium are 14.5°C and 18.8°C
respectively. Researchers calculated that about 19% less solar cells are needed to build
a 10 kW PV power plant [60]. For climatic affect testing, Sharaf et al. used aluminum
metal foam as porous medium in aluminum reservoir that is filled with paraffin-based
(RT44) as PCM during winter months. It is discovered that PV-PCM with aluminum
metal foam decreased temperatures by 4.3%, 8% and 15%, that temperature
differences increased the average power output by 1.85%, 3.38% and 4.14% for

December, January and February respectively [61].
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Chapter 3

MATERIALS AND EQUIPMENT

3.1 Introduction

It is desired to investigate the electrical generation and conversion efficiencies of PVs
with and without passive hybrid TR systems through experimental and theoretical
approaches. This chapter provides an overview of the materials and systems required
for the experiments, as well as a detailed explanation of the manufacturing process of

the systems.
3.2 Materials Used

In order to harvest solar energy, first and foremost, PV panels are needed. In order to
provide cooling for PVs, reservoirs that incorporates PCMs with two different heat
transfer elements —aluminum fins and aluminum porous medium- are considered. Four
different cooling systems are manufactured. These are:

i- fins integrated with low melting point (25°C peak) PCM,

ii- porous medium integrated with low melting point (25°C peak) PCM,

iii- fins integrated with high melting point (35°C peak) PCM and

iv- porous medium integrated with high melting point (35°C peak) PCM.

In order to be visualized, PCM along with fin and porous configurations are given in

Figure 3, Figure 4 and Figure 5.
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Figure 4: Schematics of fin integrated PV-PCM systems [63].

Figure 5: Porous medium integrated PV panel [64].

The PCMs and heat transfer elements will be accommodated in aluminum reservoirs

that will be attached on back of the PV panels. Since the experiment will be performed
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at laboratory conditions, two projectors (each has 500W halogen lamps) are used as
the heat and light source.

3.2.1 Photovoltaic Panels

Three identical TommaTech TT55-36P PV panels having 55W of maximum power
output are used in this study for different hybrid system configurations (one for the
test case, one for the low melting point PCM configurations and one for the high
melting point PCM configurations). Panel specifications are given in the Table 1.
Operational temperature of this panel ranges from -40 to +85°C, whereas nominal
operation cell temperature (NOCT) of this particular product is 45°C£2°C [65].

3.2.2 Phase Change Materials

In this study, two different paraffin-based organic PCMs, with peak melting points of
25°C and 35°C, are used as latent heat storage elements of the passive hybrid TR
systems. Properties of PCMs are shown in Table 2 and Table 3.

3.2.3 Heat Transfer Elements

To manufacture the heat transfer elements (fins and porous medium) and the
reservoirs, untreated 1050 aluminum sheet metal with thickness of 2 mm is used. All

the relevant material properties of aluminum are given in Table 4.
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Table 1: PV panel specifications [65].

Property Value
Maximum Power (Pmax) 55 Wp
Maximum Power Voltage (Vimp) 19.73 V
Maximum Power Current (Iip) 2.83 A

Open Circuit Voltage (Voc) 23.22V

Short Circuit Current (Isc) 3.00 A
Number of Cells 36

Cell Dimensions 52.25%157 mm
Panel Dimensions 680%554%20 mm
Output Voltage 12V
Temperature Coefficient (Isc) 0.06 %/°C
Temperature Coefficient (Voc) -0.31 %/°C
Temperature Coefficient (Pmax) -0.38 %/°C
Operation Temperature -40 to +85°C
Nominal Operation Cell Temperature (NOCT) 45°C+2°C
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Table 2: Properties of Rubitherm RT25HC organic PCM [66].

Property Value

Melting Area 22-26°C (Main Peak: 25°C)
Congealing Area 26-22°C (Main Peak: 25°C)
Heat Storage Capacity £ 7.5% 230 kl/kg

Specific Heat Capacity 2 kJ/kgK

Solid Density at 25°C 0.88 kg/l

Liquid Density at 40°C 0.77 kg/l

Heat Conductivity 0.2 W/mK

Volume Expansion 12.5 %

Table 3: Properties of Rubitherm RT35HC organic PCM [67].

Property Value

Melting Area 34-36°C (Main Peak: 35°C)
Congealing Area 36-34°C (Main Peak: 35°C)
Heat Storage Capacity + 7.5% 240 kJ/kg

Specific Heat Capacity 2 kJ/kgK

Solid Density at 25°C 0.88 kg/l

Liquid Density at 40°C 0.77 kg/l

Heat Conductivity 0.2 W/mK

Volume Expansion 12 %
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Table 4: Physical and thermal properties of 1050 aluminum alloy [68].

Property Value
Density 2.71 g/em’
Melting Point 650°C
Thermal Expansion 24x10% /K
Modulus of Elasticity 71 GPa
Thermal Conductivity 222 W/mK
Electrical Resistivity 0.0282x10°° Q

3.3 Manufacturing and Preparation of the PV Thermal Regulation
Systems

Passive TR systems are produced by incorporating PCMs with heat transfer elements
in aluminum reservoirs which has dimensions of 355%285x40 mm. The fins are made
from 2 mm thick aluminum sheets and have dimensions of 25030 mm. Porous
medium on the other hand is composed from perforated aluminum sheets (2 mm thick)
with dimensions of 345%280 mm.

3.3.1 Manufacturing of Reservoirs

The manufacturing process of the reservoirs involves cutting 2mm thick aluminum
sheets into 455x405 mm pieces for quadrangular part which contains the heat transfer
elements and PCMs and 375x325 mm pieces for the top covers. The sheets, excluding
the cover, are bent 50 mm from each end to form the side walls. The sides are then
bent 10mm further to create flanges for attaching the covers. The final result

quadrangular reservoirs with attached covers.
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3.3.2 Manufacturing of Fin System

For manufacturing of fins, 12 sheets of 2 mm thickness are cut to have dimensions of
250%50 mm. The sheets bent from 20 mm from one of the long edges and are screwed
on base plate of two reservoirs with 50 mm distance between two fins. The reservoir

with the fins are illustrated in Figure 6 and Figure 7.

Figure 6: Reservoir with fins.
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Figure 7: Cross-sectional view of reservoir with fins.

3.3.3 Manufacturing of Porous Medium

To manufacture porous medium, six sheets having 2 mm thickness are cut to have
dimensions of 350x305 mm. After cutting process, those sheets are perforated by
drilling with 12 mm diameter bit with center to center distance of 20 mm in staggered
arrangement. The perforated sheets are on the side walls of two reservoirs. The

reservoir with the porous medium is illustrated in Figure 8 and Figure 9.

Figure 8: Porous medium as reservoir.
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Figure 9: Cross-sectional view of porous medium as reservoir.

3.4 Preparation of Hybrid Systems

The first step in the manufacturing process of PCM-fin configuration involves
screwing fins onto the base sheet of the reservoirs. PCMs are melted and poured in
from the top. The flanges of the side walls are then sealed to prevent leakage, followed

by attaching the cover sheets.

For the PCM-porous medium configuration, perforated sheets are attached to the side
walls of reservoirs. The PCMs are then melted and filled into the reservoirs. The
flanges of the side walls are then sealed as it is done for PCM-fin configuration, and
the top covers are attached to complete the manufacturing process. Table 5 lists the
different hybrid system configurations, while Figure 10 provides a visual

representation of each stage of the manufacturing process.
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Table 5: PCM melting point and heat transfer element configurations of cases.

PCM Melting Point Heat Transfer Element
25°C 35°C Fin Porous Medium
Case 1 x x x x
Case 2 v X v x
Case 3 v x X v
Case 4 X v v x
Case 5 x v x v

Figure 10: Manufacturing process of hybrid systems. (a) Reservoir, (b) reservoirs

with fins and perforated sheets, (c) PCM addition, (d) hybrid system with solidified
PCM, (e) fully assembled hybrid cooling system, (f) hybrid cooling system coupled
with PV.
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Chapter 4

EXPERIMENTAL PROCEDURE

4.1 Introduction

In this chapter, experimental steps are explained by elaborating the experimental setup

as well as the process for data collection and analysis.
4.2 Experimental Setup

The experimental setup was created by manufacturing a steel stand with a 30° tilt
angle. The heat and light source, consisting of two 500W halogen projectors, was
attached to the steel arm, which was positioned parallel and 400 mm away from the
PV panel. Three thermocouples were placed on top of the glass cover of the PVs, as
shown in Figure 11. One of these thermocouples was positioned in the middle of the
PV panel, while the other two were placed in the middle of the upper half of the PV
and at the upper left corner of the rightmost solar cell of the bottom array. The ends of
the thermocouples were connected to a data acquisition module. The manufactured
hybrid systems were attached to the center of the rear face of the PVs by using
aluminum strips. A DC motor was also connected as a load. The actual test rig and
schematic of the experimental setup can be seen in Figure 12 and Figure 13, and

detailed engineering drawings are included in Appendix C.
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Figure 11: Thermocouple placements.

Figure 12: Test rig
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Figure 13: Schematics of test rig

4.3 Experimental Procedure

Before conducting the experiments, the EPLAB Precision Standard Pyranometer was
connected to the MEGGER AVO M&808 digital avometer, and it was determined that
the irradiance of the light source was 950 W £ 1%. The PV or PV-PCM hybrid systems
were then introduced to the experimental setup, and the DC motor was attached to the
power cables of the PV. The thermocouples were placed on the glass cover, and the
experiment began. The temperature readings of the PVs were logged every minute,
while the experimental power output data was logged every fifteen minutes for 210
minutes. At the end of the experiment, the logged temperature data from the three
thermocouples was collected to calculate the average temperature of the PVs for each

minute.
4.4 Data Acquisition

For the data acquisition, K-type thermocouples made up from the NiCr-Ni wires are
connected to Omega OMB-DAQ-3000 1-MHz, 16-Bit USB data acquisition module

to collect temperature readings every minute for 210 minutes.
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Experimental power output data is logged every fifteen minutes for 210 minutes with
the help of AVO M808 avometer with 60W 24V DC motor load, and the theoretical
output power is calculated according to the equations in the studies of Kant et al., and
Evans and Florschuetz based on reference values of PV panel and the instantaneous
temperature of the PVs [5,69]. The equations of efficiency, output power based on

instantaneous temperature of solar cells and instantaneous output power of the PV

panel are:
Nr = T]ref[1 - Bref(TPV,t - Tref)] (1)
Pout,T =NrAcenG (2)

where Nt along with Neef, PBrer, Tpv,e and Trer mean theoretical efficiency, reference
efficiency, power decrement rate per unit temperature increment, instantaneous

temperature and reference temperature of PV respectively.

Pout,E = Vil (3)

1:’Ol.l .y
Neg= TtE 4)

where Poy,t means theoretical power output while Aceir and G are solar cell area and
irradiation. Pout g stands for experimental power output, Vi and It mean instantaneous
voltage and current which PV is generating respectively. Lastly, ng is experimental
efficiency.

4.5 Analysis of Results

In the analysis of results, thermally untreated PV (Case 1) will be compared to PV-fin
system with low melting point PCM (Case 2), PV-porous medium system with low

melting point PCM (Case 3), PV-fin system with high melting point PCM (Case 4)
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and PV-porous medium with high melting point PCM (Case 5) based on two main
criteria, which are PV cell temperature and efficiency of outlet power.

4.5.1 Photovoltaic Temperature Analysis

For the temperature analysis, three NiCr-Ni thermocouples are attached on front faces
of PV panels —radiation exposed face- under 10 mm of insulation material and to
reinforce the coupling of thermocouples, aluminum tape is used. In addition to
thermocouples, thermal camera is also used to visualize the real-time temperature

distribution on PVs. Thermal imaging of PVs is shown in Figure 14.

Figure 14: Thermal imaging of PVs.

4.5.2 Power Analysis
Equations 1 and 2 given above are employed to calculate the theoretical efficiency and

theoretical power output analysis by using the catalogue information of the employed
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PVs and the temperature data which is collected during the experiment. Numerical
work is done with Microsoft Excel 2016. For the experimental power and efficiency
analysis, voltage and current readings collected for every fifteen minutes throughout
the experiment are multiplied to obtain instantaneous power output as it is given in
Equation 3 then this power is divided by irradiation as it is shown in Equation 4 in
order to obtain experimental efficiency values. The power generation curves are

compared on the same chart as it is done for temperature analysis.
4.6 Error Analysis

The error analysis for the experiment was done based on uncertainty analysis
calculation which is based on the equipment uncertainties provided by manufacturers.

The formulas needed for the error analysis are [70]:

- [

SEp
where n_ inaccuracy of experimental efficiency whereas E and =£ are uncertainties
E

)

of experimental power and irradiation. In order to measure uncertainties of

experimental power and irradiation, we need Equation 6 and Equation 7. Which are:

ORI ©

=)+ () )

sy & 8 L
where VV,TI and ?P are the uncertainties of voltage, current and pyranometer

respectively.

For this study, theoretical analyses have also some uncertainties since theoretical

calculations also need temperature and irradiance in order to be performed.
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In Equation 8, % means inaccuracy of theoretical efficiency, and — stands for the
T
uncertainty of temperature readings.
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Where % means uncertainty of theoretical power.
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In Equation 10, ;D and TLCC mean uncertainties of data acquisition module and

Stp _
TP

)

thermocouples respectively.

As a result of these equations, uncertainties of experimental efficiency, experimental
power and irradiation are measured as 0.57%, 0.28% and 0.63%. Whereas,
uncertainties of theoretical efficiency, theoretical power and temperature are found to

be 0.85%, 0.16% and 0.85% respectively.
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Chapter 5

RESULTS AND DISCUSSIONS

5.1 Introduction

In this chapter, results and discussion are presented. Effect of cooling systems on

temperature, power output and efficiency of PVs are elaborated. Both experimental

and theoretical results for power output are expressed and discussed.

5.2 Temperature of the Photovoltaic Panels

As the front panel temperatures are logged via three thermocouples, average of those

temperatures are calculated and referred as the PV temperature of the respective cases.

PV temperatures are illustrated in Figure 15.
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Figure 15: Temperature of PVs.
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As shown in Figure 15, at a room temperature of 18°C, configuration of case 2 has the
best cooling performance of all cases. However, with a slight temperature increase,
case 3 keeps the PV cells cooler for a longer time. During the 210-minute experiment,
it was found that configurations used in cases 2 and 3 cooled the PV cells on average
by 7.2°C and 7.8°C, respectively. In terms of the instantaneous maximum temperature
difference, low melting point PCM with fins cooled the PV by 17.6°C, while low
melting point PCM with porous medium cooled it by 17°C. On the other hand,
configurations employed in cases 4 and 5 actually increased the cell temperatures.
During the experiment, the average increase in PV temperatures compared to the

control case was 0.9°C for case 4 and 6.3°C for case 5.

Additionally, the heating curves of respective cases show that the melting process is
faster for configurations with fins than for configurations with porous medium. This
is because of the orientation of employed heat transfer elements. Fins are vertical and
transfer heat to the PCMs at a faster rate, while the perforated sheets are horizontal and
create a layer-by-layer melting of the PCMs in the porous medium. The cooling rates
are higher for fin configurations, but the duration of high cooling is shorter. In contrast,

the porous medium provides a longer cooling time.

Comparing the melting point of the PCMs, it is clear that configurations with a lower
melting point cool down the PVs more effectively. However, it must be noted that the
ambient temperature affects the melting trend of PCMs. With a high melting point
PCM, the PVs must reach higher temperatures to supply enough energy to melt the
PCM, as the PVs are the only heat source. The low melting point PCMs are therefore
more appropriate for TR of PVs in colder climates. The presence of a high melting

point PCM in cases 4 and 5 actually increases PV temperatures due to its heat storage
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characteristics and the reduction in heat transfer area between the PV and the

environment.

Figure 16 illustrates the thermographic images of the PV panels at the minute of 210.
It can be seen that the PV without any cooling system has a more uniform distribution
of hot areas compared to those with cooling systems. The PV panels with cooling
systems have concentrated hot regions, leading to less uniform heat dissipation. The
presence of a PCM reservoir concentrates the hot area on the PV because of its higher
heat transfer rate from the PV to the reservoir than the PV to the surrounding air. The
thermal camera photographs also show that the lower melting point PCMs (cases 2
and 3) have lower temperatures at the thermal concentration area than the PCMs with
a higher melting point (cases 4 and 5). Choosing PCMs with higher melting points in
colder climates is therefore more likely to cause mechanical damage to the PVs due to

thermal stress.
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Figure 16: Thermal camera photographs taken at the end of the experiments for all
cases.

5.3 Power Generation and Efficiency

There are two power output and efficiency results for the respective cases as described
in section 4.3: i- experimental and ii- theoretical. The experimental power output

results are given in Figure 17, whereas theoretical results are given in Figure 18.

34



10.5

9.5

85

75

6.5

Experimental Power Output (W)

e ——
e —— —1
e
5.5
0 30 60 90 120 150 180 210
Time (min)
Case 1 (PV) Case 2 (PV-25F) Case 3 (PV-25F) Case 4 (PV-35F) Case 5 (PV-35P)

Figure 17: Experimental power output of PVs during tests.
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Figure 18: Theoretical power output of PVs during tests.

It is clear from Figure 17 and Figure 18 that the general trends of the power degradation
as time proceeds (PV temperature increases) are similar for experimental and
theoretical cases, though the power generation rates differ significantly. The main
cause of the difference in the power generation rates of the theoretical and
experimental cases is the source of light. Equation 1 and Equation 2 give the theoretical

efficiency and the power generation rate of PVs under solar irradiation; however, the
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experiments were conducted under laboratory conditions with two halogen projector
light sources with total power of 1000 W. Although the artificial light source enabled
PVs to generate power to run the DC motor, the generated currents were much lower

than those that are generated with sunlight.

Figure 17 also shows that, experimental power generation of the case 3 is the highest
throughout the experiment. Although Cases 4 and 2 both have higher power outputs
than Cases 1 and 5, Case 2 is the better option because it has a slightly larger area
under the power generation curve. Not only case 1 but also case 5 have the worst power
generation among all five experimental cases and if the power generation is the only
concern, case 5 should be chosen over case 1 since the power generation curve is more
consistent and energy generation is slightly higher. Yet, untreated PV is more
financially feasible than configuration including PCM and aluminum reservoirs as

well as aluminum porous medium.

When the theoretical power generation is the concern, it is obvious that Figure 15 and
Figure 18 are mirror images of each other along x-axis since the used equation is
providing a linear, inversely proportional relation between power generation and PV
cell temperature. Based on Figure 18, it can be concluded that configurations with
PCM with lower melting point is more suitable for energy harvesting in colder
environments. Moreover, the untreated PV is also a better choice over configurations
with PCM having higher melting points for feasibility in cold environments. In
contrast to cold climates, PCMs having higher melting points should be used for

warmer climates as the slopes of cases 2 and 3 are steeper than those of cases 4 and 5.
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Figure 19: Experimental efficiencies during experiments.
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Figure 20: Theoretical efficiencies during experiments.

Figure 19 shows the experimental efficiencies which are calculated by the evaluated
experimental power (by using Equation 3) and the measured irradiation (950 W/m?)
by pyranometer. Figure 20 on the other hand shows the theoretical efficiencies which
are calculated by Equation 1 using measured PV temperatures. It is clear that Figure

19 is equivalent to Figure 17 and Figure 20 is identical to Figure 18 except the values
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in the ordinate axis. This is expected since the definition of the efficiency is the

generated power that is divided by the constant of irradiation on the panel area.

Table 6 shows the experimental efficiency enhancement of cases with respect to the
test case whereas Table 7 lists the theoretical efficiency enhancement of cases respect

to the test case throughout the experiments.

Table 6: Experimental efficiency increments with respect to the test case.

Time Case 2 Case 3 Case 4 Case 5
(min) (%) (%) (%) (%)
0 16.3 14.2 7.5 11.1
15 -0.1 12.6 2.7 -1.2
30 5.8 15.3 5.8 -1.6

45 7.5 13.6 6.4 0

60 44 13.6 2.2 -0.6
75 3.9 13.6 1.7 -0.6
90 3.9 13.6 1.7 -0.6
105 6.5 17.1 4.2 2.5
120 5.9 13.4 4.2 1.9
135 5.3 15.8 7.2 1.9
150 4.7 11.5 7.2 1.9
165 1.1 7.6 3.5 -1.1
180 4.1 7.0 2.9 1.8
195 3.5 7.0 2.4 -1.1
210 0.6 6.4 1.8 -1.1
Average 4.9 12.2 4.1 0.9

It can be seen in the Table 6 that case 2 performed as second-best in terms of efficiency
enhancement. Using this hybrid system increases the efficiency by as much as 16% in
the early stages of the heating process. However, this efficiency increment compared

to the test case falls below 7% after an hour.
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Case 3 is the best case for efficiency enhancement with PCM-based hybrid systems
for TR. Over a long period of time, the efficiency increment is in double digits, means
there is a significant amount of power generation which would be lost if there was no

TR system.

Case 4 shows a single digit increase in efficiency throughout the experiment, it means
this hybrid system can also be used even though the increase in power generation may

not be significant.

Case 5 is not an effective hybrid system for enhancing efficiency or power generation
in this study for PVs. Additionally, as the table shows, there is no stability in efficiency

enhancement.

Table 7: Theoretical efficiency increments with respect to the test case.

Time Case 2 Case 3 Case 4 Case 5
(min) (%) (%) (%) (%)
0 0 0 0 0
15 4.7 6.6 4.3 0
30 6.5 7 5 0.5

45 8 6.5 3 -0.5
60 8 6.5 1 -1.5
75 7 6 -0.5 -3
90 6 6 -0.5 -3.5
105 5 6 -1 -3.5
120 4 6 -0.5 -3.5
135 2.5 3.5 -1.5 -4
150 0.5 1.5 2.5 -5
165 0 0 2.5 -4.5
180 -0.5 -1 -4 -5
195 -1 -2 -5 -5.5
210 -1.5 -2.5 -6 -6

Average 33 33 -0.7 -3
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It is shown that case 2 has the highest increase in instantaneous efficiency gain of 8%
which lasts for a short time interval. On the other hand, case 3 increases the
instantaneous efficiency by 7% at maximum and this gain decreases only by 1% for
90 minutes. Cases 4 and 5, however, decrease the theoretical efficiency values instead

of increasing as they increased the temperatures instead of decreasing.

As Table 6 shows the results of the real world study, average efficiency enhancements
for cases with respect to the test case is more than the maximum efficiency
enhancements for the theoretical cases given in Table 7. This difference may be due
to the use of an artificial light source in the laboratory, which generates power that is
about 20% of the theoretical case. This means 1 W difference in experimental case can
increase the efficiency by 10% whereas this difference causes only about 1.8%
enhancement for the theoretical case. On the other hand, for theoretical power
calculation, which is given with Equation 2 is the formulized value with respect to the
solar irradiation, instantaneous efficiency of the PV panel which relies on the
instantaneous temperature of the solar cells and the solar cell area. Additionally, it has
to be pointed out that although the coolest temperature of PVs is achieved with case 2,
maximum experimental power generation, as well as the efficiency, is achieved by
case 3. Differences in the microstructure of the polycrystalline PV panels used may
also play a role in the difference in maximum power generation and efficiency between

case 2 and case 3.

To further advance the applicability of this study, a feasibility analysis was conducted
based on the given experimental power generation and efficiency enhancement figures
and tables. The saving-to-investment approach was used with a 9% interest rate. It was

determined that case 3 was the best option, with a return-of-investment time of 13
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years. However, when considering the average efficiency enhancement values, case 2
would take over 100 years to recover the investment. The decrease in the life of the
PV according to the thermal stress was not taken into account in this feasibility
analysis. Further research should be conducted to investigate the effect of thermal
stress on the service life of PVs for a more precise feasibility analysis. To summarize,
case 3 is the only hybrid TR system that saves money and energy at the same time

while generating electricity without combustion of harmful compounds is priceless.
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Chapter 6

CONCLUSION

6.1 Summary of the Results

In this study, four different hybrid cooling systems having PCMs with two different
melting points and heat transfer elements are tested with PV panels having maximum
output power Rating of 55W. The tests are performed under laboratory conditions with
average room temperature of 18°C and 950W/m? irradiation. At the end of the tests it
has been found that:
e The highest instantaneous temperature drop with respect to test case is
achieved by case 2 with 17.6°C.
e The lowest average temperature throughout the experiment is achieved by case
2 with 67.74°C.
e Porous medium elongated the melting duration of PCMs more than 40%
compared to fins.
e Configurations used in cases 2 and 3 are increasing the theoretical efficiencies
as much as 8% and 7% respectively, whereas in the reality, these increments
are 16.3% for case 2 and 17.1% for case 3.
e Using low melting point PCMs for colder climates is more useful for TR and,
the efficiency improvement.
e [t can be said that the theoretical and experimental power output behaviors are

verifying each other even though the curves do not fully overlap each other.
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6.2 Conclusion

All over the world, since the fossil fuel reserves are getting closer to be consumed out
each and every moment and carbon gases are exhausted as an end product of fossil
fuel combustions which is end up with climate crisis, energy generation industry is
forced to shift to harvest renewable energy sources such as wind, wave and sun.
Although humankind discovered to use light as source for electric generation since
17th century, solar cells had to be improved a long way to convert promising rate of
power and be financially available for majority of the world population. These days,
as aresult of the decrease in PV prices, electricity generation from solar cells surpasses

800 TWh. Yet, two centuries later, PVs are still fragile against high temperatures.

Due to the effect of irradiation, average temperature of PVs increases with time until
the thermal equilibrium is achieved. In order to harvest the maximum energy possible
from the sun, average temperature of the PV has to be regulated via cooling techniques
since the temperature and efficiency of PVs are inversely proportional. This novel
study offers PCM-based passive cooling techniques with two different paraffin-based
PCMs with two different heat transfer elements which are fins and porous medium
containing perforated sheets manufactured from 1050 aluminum alloy. When
compared, the system that contains PCM with melting point of 25°C and fins has the
maximum cooling capacity among all hybrid passive cooling systems although the
system with low melting point PCM (25°C) with porous medium results with
maximum efficiency one at the end of 210 minutes of experiment. On the other hand,
hybrid systems which contain high melting point PCM (35°C) are not useful for the

experimental conditions since the melting point is about 20°C above the environmental
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temperature and the area that is occupied by the PCM reservoirs are lowering the heat

transfer surface of the panels.
6.3 Future Work

To carry this study one step —or several steps- ahead, it is recommended to redo the
same exact experimental procedures with same test rig during summer for the pure
comparison of environmental effects and how those hybrid systems are performing for
hot climates. In addition, with the use of fans, effect of the convection on heating curve
of the PVs as well as the melting behavior of the PCMs can be discovered. Another
suggestion is to do these experiments under direct sunlight with low environmental
temperature and high environmental temperature with similar solar irradiances to show
the difference in PV temperatures based on the PCMs which are used under different
climatic conditions and to verify with the theoretical data which will be obtained with

instantaneous temperatures.
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Appendix A: Photovoltaic Module Description
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Appendix B: Phase Change Material Descriptions

Data sheet RUB@Q@

RUBITHERM® RT is a pure PCM, this heat storage material utilising the processas
of phase change betweesn solid and liguid [melting and congealing) to store and
release large quantities of thermal energy at nearly constant temperature.

The RUBITHERM® phase change materials (PCM's) provide a very effective means
for storing heat and cold, even when limited volumes and low differences in
operating temperature are applicable.

Properties for RT-line:
- high thermal energy storage capacity
- heat storage and release take place at relatively constant temperatures
- no supercocling effect, chemically inert
- long life product, with stable performance through the phase change cycles
- melting temperature range between -9 °C and 100 °C available
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Data sheet RUBFEIQM

RUBITHERM® RT is a pure PCM, this heat storage material utilising the processes
of phase change between solid and liquid [melting and congealing) to store and
release large quantities of thermal energy at nearly constant temperature.

The RUBITHERM® phase change materials (PCM's) provide a very effective means
for storing heat and cold, even when limited volumes and low differences in
operating temperature are applicable.

Properties for RT-line:

- high thermal energy storage capacity

- heat storage and release take place at relatively constant temperatures

- no supercocling effect, chemically inert

- long life product, with stable perfor ce through the phase change cycles
- melting temperature range between -9 °C and 100 °C available
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