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Abstract

Photovoltaic (PV) panels are becoming increasing popular and are proving to be
very successful to fulfil the energy demand in the future. However, these PV
panels still have some challenges, including the decrease in efficiency with
increasing temperature, and non-uniform temperature of the PV panels. It would
be worthwhile to assess the cooling impact on the annual electrical PV panel
output and to present a new cooling system to overcome these problems. The
main aim of this work is to implement an accurate numerical method to predict
the annual impact of phase change material (PCM) on the PV panel electric
output. In addition, new systems of PV panels incorporated with PCM- metal

foam, will be designed to reduce the temperature of the PV panels.

This research includes five contributions. Firstly, a novel one dimensional PV-
PCM model has been presented to investigate the annual impact of the PCM on
performance of the PV panels with high accuracy and stable solutions based on
lumped-distributed parameter model. Secondly, the distributed parameter model,
has been developed to include a thermal contact conductance with the explicit
and implicit discretization. These models have considered the volume change
when the phase change from solid to liquid and vice versa. Thirdly, the lumped-
distributed parameter model has been used to investigate the impact of the
composite paraffin-PCM on the annual electrical output of the PV panel for
Baghdad and Milan. Fourthly, the thermosphysical properties of 29 PCMs have
been collected and their impacts with different thicknesses have been
investigated. Finally, the impacts of different PCMs with different thicknesses and
different aluminium (Al) foam percentages on the annual electrical output of the
PV panel have been investigated to find the best PCM, the optimal thickness and

the best Al foam percentage for each city.

A novel one-dimensional, lumped-distributed parameter model with time and
space discretization for the PV-PCM system has been presented and the time
independency investigated. The results indicate that the maximum difference
between the one second time step and four second time step is 0.7838°C. The
results of the lumped-distributed parameter model have been validated against

the literature and the maximum relative error is 6.47 percent.



Secondly, an improvement was implemented by adding the thermal contact
conductance in lumped-numerical model. Then, three scenarios were studied to
assess the impact on the PV panel efficiency of different technical contacts
between the PV panel and aluminium container of the PCM. In the first scenario,
the PCM is inside an aluminium box attached to the PV panel with thermal contact
adhesive. The second scenario is without thermal contact adhesive. In the third
scenario, a 0.5 mm air gap is created between the aluminium box and PV panel.
The highest electric efficiency difference found is 3.493 percent between the first
with third scenarios.

Thirdly, the lumped-distributed parameter model considers the volume change
during phase change from solid to liquid. The results of considering the volume
change have been compared with not considering it, and the maximum difference

was 4.1 percent.

Next, the explicit and implicit methods for the distributed parameter model, have
been implemented using the MATLAB software, and the computer runtimes for
these methods have been compared with that solution of the lumped-distributed
parameter model. The results indicate that the runtimes required for the implicit
method of lumped-distributed parameter model and the distributed parameter
model to study a transient 18,000 seconds for the PV-PVM system are 16.813
and 525.045 seconds respectively. The computer runtime for the explicit method
for the distributed parameter model to study a one second is 51,391.431 seconds.
Therefore, the lumped-distributed parameter model presented in this work is
proven to be better able to simulate the PV-PCM module, with faster computer
runtime compared with implicit and explicit method for the distributed parameter
model.

Finally, this lumped-distributed parameter model for the PV-PCM system has
been used to investigate the impact of different PCMs, different thicknesses, and
different Al foam percentages on the annual electrical output of PV panels in
Baghdad and Milan. The results indicate the maximum enhancements for the
annual electrical output of PV panel for Baghdad and Milan are 3.19 and 4.11

percent respectively.
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Chapter One Introduction

1.1 Background of problem

In order to employ the available renewable power resources, many sustainable
energy technology developments are in progress to meet future energy demands.
This global energy demand may increase by up to 148% from 2012 to 2040 as a
result of overall population growth and technology development (Conti et al.,
2016). Solar energy is one of the most important types of renewable energy that
can help overcome this problem during this period. Figure 1-1 compares the
immense amount of solar energy available yearly to the other energy resources
available (Perspectives, 2011). The harvest of this energy has rapidly developed,

especially using photovoltaic (PV)f cells (Green et al., 2015).

Annual global energy consumption by humans

Wind

Hydro

Photosynthesis

Figure 1-1: Annual sun energy and all possible fossil resources (Perspectives,
2011).

The global installation of solar photovoltaic panels reached 98.9 GW in 2017

alone (Osborne, 2018) with most of this capacity is of monosilicon- and

polysilicon-type panels. However, PV panels still present some obstacles. PV

cells are devices that convert sunlight directly into electricity; the first one was

made by William Becquerel in 1839 using the semiconductor material mentioned

in (Allan, 2015). The semiconductor material consists of three main layers: the
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gab band, the valence band, and the conduction band. If the photon knocks the
electron in the valence band with enough energy, the electron passes through
the band gab and generates electricity, while if the photon’s energy is not
sufficient, the energy converts to heat (Kalogirou, 2009). This heat leads to an
increase in the temperature of the PV panel and in turn decreases the efficiency.
In addition, this increasing temperature could generate hot spots, which lead to
both low-quality voltage output and damage the PV panel due to thermal stress
(Bahaidarah et al., 2016). The loss of electrical power output is 0.45% for each 1
°Cincrease in PV cell temperature above 25 °C (Alami, 2014). Therefore, in order
to reduce the problem of high temperatures in the PV panel, active or passive
cooling is performed using air, phase-change material (Products), or water as a
cooling fluid (Ho et al., 2015).

One promising passive cooling technique used to reduce PV cell temperature is
a PCM, which is incorporated into the back surface of a PV panel. The most
important feature of a PCM is that it can absorb a large amount of heat when the
solid phase changes to a liquid phase at a constant temperature. This feature can
be used to manage PV cells at a uniform and desired temperature without having
to consume extra power to circulate coolants. Initially, a PCM absorbs heat
energy sensibly until reaching the melting temperature (Browne et al., 2015), and
the temperature remains constant within the melting boundary. This melting
boundary moves in the opposite direction of the PV cell. The absorbed heat rate
is represented by the speed of this movement, which is a function of the thermo-
physical properties of the PCM and its latent heat capacity. Finally, the stored
heat inside the PCM is released into the air at night. These processes lead to a
decrease in PV panel temperatures and an increase in the efficiency of PV

panels.

Based on the literature review, several research techniques have been
developed. These include one-dimensional models to investigate the impact of
the PCM on the performance of PV panels. These studies have used either
implicit or explicit methods, which consume computing time. In addition, the
literature models have not considered the thermal-contact conductance of the PV
panel with the PCM container. In addition, these models have not considered the
volume change that occurs when the phase changes from solid to liquid or vice
2



versa. Furthermore, the low thermal conductivity of the PCM is one of the most

significant drawbacks in that it reduces the cooling effectiveness of the PCM.

In summary, although PV-PCM panel systems have been developed in the last
few years to be used worldwide, this system could be further developed to work
more efficiently. The temperature of stand-alone PV panels can reach in excess
of 80 °C. This high temperature could decrease the efficiency of the panel by 0.4
to 0.5% with each 1 °C above 25 °C (Huang, 2011a). In addition, the quality of
the electricity output decreases with the temperature differences. Therefore, this
study will develop a mathematical and numerical PV-PCM model. A new one-
dimensional numerical method will be used to study the temperature distribution
of both the PV-PCM system and a novel combination of the PV-PCM system with

Al metal foam will be studied.

1.2 Aim and objectives

The aim of this study is to investigate the impact of the PCM on the annual electric

output of the PV panel. The main objectives include:

1. A new model for the PV-PCM will be presented based on the lumped-
distributed parameter model. The results will be compared to the
distributed parameter model.

2. These two models for the PV-PCM will be developed to include thermal

contact conductance.

3. These two models will be developed to consider the change in volume of

the PCM during the phase change.

4. These two models will be solved based on the explicit and implicit
numerical methods. The time computing time consumption for these three

solutions will be compared.

5. The stability analysis for these three solutions will be implemented using

von Neumann’s method.

6. The impact of a composite paraffin PCM on the annual electrical output of

PV panels in Baghdad and Milan will be investigated.
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7. The impact of using different aluminium foam percentages with different
PCMs of different thicknesses on the annual electrical output of PV panels

in Baghdad and Milan will be investigated.

1.3 Thesis structure

1.3.1 Chapter one

This chapter highlights the main research problem and introduces the aim and

the objectives.

1.3.2 Chapter two

In this chapter, the physics of PV cells, namely heat generation and its negative
impact on PV cells’ performance, will be discussed in detail. Furthermore, the
literature on passive air cooling, floating PV panel cooling, the incorporation of
the PCM, and thermo-electric device (TED) with PV panels has been reviewed.

Finally, this chapter will launch the motivation for this PhD work.

1.3.3 Chapter three

This chapter presents four contributions. First, 1D thermal analysis of the PV-
PCM system has been introduced. A lumped-distributed parameter model and a
fully distributed model for the PV-PCM have been introduced. Second, these two
models have been developed to include the thermal contact conductance
between the PV panel and the PCM container. Also, the volume change during
the phase change has been considered for the both models. Finally, a lumped

model for the stand-alone PV panel has been introduced.

1.3.4 Chapter four

This chapter introduces the space and the time discretization for the three
mathematical models. Then, the von Neumann method used to investigate the

stability of the numerical solution methods.



1.3.5 Chapter five

This chapter presents the results of the mathematical models, including the
validation work for the implicit and lumped-numerical models for the PV-PCM
module and for the stand-alone PV panel. In addition, the impact of different
thermal contact conductance will be investigated. Moreover, the impact of the
volume change during the phase change will be studied. Finally, a comparison of
the run time taken of the explicit, implicit, and lumped-numerical models for the
PV-PCM module will be illustrated.

1.3.6 Chapter six

This chapter presents the sources of solar radiation and how to calculate solar
radiation on an inclined surface using the measured solar radiation of a horizontal
surface. Then, the yearly solar radiation will be used to study the impact of the
PCM on the electrical power and temperature of PV panels in Baghdad and Milan.

1.3.7 Chapter seven

In order to determine the best PCM types with optimal thicknesses to produce
maximum electrical power from the PV panel, first a range of the PCMs with
thermophysical properties will be collected. Then, the impact of PCMs with
different thicknesses on the electrical output of the PV panel will be investigated.
Next, a model to predict the thermophysical properties of PCMs with metal foam
will be implemented. Finally, this chapter presents the impact of the different
PCMs with different Al foam percentages and different thicknesses on the annual

performance of PV panels in Baghdad and Milan.

1.3.8 Chapter eight

This chapter will state the conclusions and recommendations for future work.



Chapter Two Literature Review

2.1 Outline

In this chapter, the physics of PV cells, namely heat generation and its negative
impact on PV cells’ performance, will be discussed in detail. Furthermore, the
literature on passive air cooling, floating PV panel cooling, incorporation of the
PCM, and TED with PV panels will be reviewed. Finally, this chapter will explain
the motivation for this PhD work.

2.2 Solar panel

2.2.1 Solar panel physics

In order to demonstrate the principle of the PV cell, general and specific
information about the materials and semiconductor are required. This basic
information, such as the conductivity of the materials, the recombination, the p-n
junction, and the PV effect, will lead to an understanding of electric and heat
generation. In addition, the precise part of the PV cell in which heat and electricity

are generated will be described.

2.2.1.1 The semiconductor material and recombination phenomenon

Generally, the materials are divided into three groups: conductive, insulator, and
semi-conductive materials. All the materials consist of atoms, each of which
contains a nucleus and electrons. The electrons rotate around the nucleus in
different orbitals depending on the energy bands (Kalogirou, 2009). As depicted
in Figure 2-1, the insulator materials only have electrons in the filled band, which
is nearest to the atom, and require very high energy in order to exit to other energy
bands. Second, the conducting materials have electrons in the conduction band.
Here, these electrons are responsible for heat and electrical conductivity
(Kalogirou, 2009). Third, the semiconductor materials have valence electrons in
the valance band from which these electrons can exit and move to the conduction
band. The energy that is needed to move an electron from the valence band to

the conduction bands is called the energy gap. When the incident light is
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absorbed by the semiconductor, if the photon energy is insufficient, this energy
converts to heat. However, if the energy is sufficient, the electron passes through
the band gap and moves to the conduction band (Kalogirou, 2009). This photon
energy (E) (watts) depends on the frequency where the light speed (C) (m/s) is
the frequency (v) (s) multiplied by the wavelength (A) (m):

C=Av 2-1

E=hv 2-2
where h is the Planck’s constant. However, after a short time and before
producing an electrical current, this electron wastes its energy and goes back to
its valance band, producing heat and photon. This phenomenon is called
recombination, which prohibits the electric power production (Duffie and
Beckman, 2013a, Hersch and Zweibel, 1982). Therefore, to overcome this
problem of recombination, the p-n junction is introduced. The p-n junction is

explained in the next section.
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conduction band
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// conduction band
Forbidden zone .
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Figure 2-1: The different bands of energy for the a. insulator, b. conductor, and
c. semiconductor materials (Kalogirou, 2009).
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2.2.1.2 The p-n junction

In order to prevent the recombination of the electron with a hole in the
semiconductor, a potential barrier has been introduced using the p-n junction
(Duffie and Beckman, 2013a). This p-n junction consists of two different layers of
doping silicon. The first layer, called n-type silicon, has a high intensity of
electrons, while the second layer, referred to as p-type silicon, has a high intensity
of holes, which is the result of doping these layers with phosphor and boron,
respectively (Duffie and Beckman, 2013a). When n-type silicon, with an excess
of electrons, connects to p-type silicon, which has a deficiency of electrons, a
number of the electrons diffuse from the n-type silicon to the p-type silicon, and
a number of holes diffuse in the opposite direction. The diffusing transporter
currents combine to form the diffusion current , which drifts from the p-type side
to the n-type side. The holes that drift to the n-type silicon rapidly re-associate
with the electrons along the junction, while, similarly, electrons diffused to the p-
type side will rapidly recombine with the holes there. Thus, there will be a
depletion region formed on both sides of the junction, with the p-type side being
negatively charged and the n-type side being positively charged (Gray, 2003).
The charges will establish an electrical field across the depletion region, resulting
in built-in potential across the region. In the classical silicon PV cell, the thickness
of the n-type side is approximately 0.5*10® m, while the thickness of the p-type
side is approximately 0.25*10-% m (Kalogirou, 2009).

2.2.1.3 The electric and heat generation in the PV panel

An electrical current is produced when the incident light with sufficient energy
within an appropriate wavelength range impinges on a semiconductor PV cell.
However, if the photon does not have enough energy, heat will be generated in
the local position of the atom, which is known as thermalisation. In contrast, if the
photon has very high energy, part of this energy will be used to generate free
electrons, and the rest will be converted to heat (Hersch and Zweibel, 1982).The
electrical generation process is explained in more detail in Figure 2-2. As
previously mentioned, each p-type side and n-type side is formed from
semiconductor material; when a photon with enough energy hits the electron in

the valence band, the electron will move to the conducting band and produce the
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electron and hole. The electrons will then move to the n-type side and accumulate

there, while the holes accumulate on the p-type side (Markvarta and Castafierb,

2011). This will lead to voltage differences between the n and p sides. As depicted

in Figure 2-2, the metal grid above the n-type side is used to collect electrons,

while the metal sheet is used underneath the p-type side (Gray, 2003).
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Figure 2-2: A schematic of the solar cell operation process (Hersch and

2.5

Zweibel, 1982).
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Figure 2-3: The reflected and absorbed incident light by the crystalline silicon

PV cell (Santbergen and van Zolingen, 2008).

Figure 2-3 depicts the total spectral irradiance, which reaches to the upper

atmosphere and to sea level corresponding with wavelengths of sunlight. In
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addition, the useful theoretical spectral irradiance for the PV cell (31% efficiency)
corresponding with wavelength bands. It can be seen that the useful wavelength
is limited to between 300 nm and 1150 nm. Therefore, the remaining wavelengths

are converted to heat energy inside the PV cell.

However, the different PV cell types have different band gaps depending on the
material used in each type. These differences in band gaps lead to the harvest of
various ranges of sunlight wavelengths (Haller et al., 2013). Figure 2-4 illustrates
the useful range of wavelength for each type of PV cell. The x-axis represents
the wavelength in nanometres, while the y-axis represents the quantum
efficiency, that is, the proportion of the collected carriers to the photon number by
the PV cells with specific wavelengths of sunlight (Haller et al., 2013). The
symbols m-Si, a-Si, CdTe, and Cls represent the different types of PV cells,
namely, monocrystalline silicon, amorphous silicon, cadmium telluride, and
copper indium selenide, respectively. Comparing Figure 2-3 and Figure 2-4, it
can be seen that there is a massive percentage of sunlight, which is absorbed by
the semiconductor and is not converted to electricity; instead, it is converted to

heat.

0,81

0,6 -

0.4 1

Quantum efficiency

0,2 -

200 400 600 800 1000 1200 1400
Wavelength in nm

Figure 2-4: A plot of quantum efficiency against solar wavelength for a types of

PV cells: m-Si, a-Si, CdTe, and Cls (Haller et al., 2013).
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Table 2-1 can be used to calculate the percentage of power that is converted to
heat from the detrimental wavelength bands of sunlight. This table depicts the
energy percentages corresponding to the wavelength bands of terrestrial
sunlight.

Table 2-1 The energy band percentage corresponding with wavelength for the
solar irradiation (Duffie and Beckman, 2013a).

Energy Band Wavelength Range Midpoint Wavelength
(5e) {Nanometers) {Nanometers)
0-3 280-416 385
5-10 416-458 439
10-15 458-492 475
15-20 492-525 508
20-25 525-559 542
25-30 559-592 575
30-35 502-627 609
35-40 627-662 644
40-45 662700 680
45-50 700-T741 719
50-55 141-T86 764
55-60 T86-835 BOE
60—-63 835-885 839
65-T0 BB3-970 917
T0-T5 970-1038 100
T5-80 [038—1140 107
BD-83 1140-1257 120
85-90 1257-1541 131
20-95 1541-1750 163
05-100 17504000 219

2.2.2 Types of PV cells

Several types of PV cells have been developed using various materials, such as
crystalline silicon, thin film, organic (polymer), hybrid PV cells, and dye-sensitised
cells, as depicted in Figure 2-5 (Bahrami et al., 2013). The overall worldwide
production capacity of PV cells reached approximately 40 GW in 2013 (Pandey
etal., 2016). In the 1950s, the highest efficiency of solar cells (10%) was achieved
using silicon cells (Bahrami et al., 2013). Other types have rapidly developed, for
example, the multi-junction solar cell, which has achieved maximum efficiency,
reaching 46% in 2016. This section will describe several materials that are used

in PV cells.
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Figure 2-5: The classification of PV cells (Pandey et al., 2016).

Crystalline silicon cells are categorised into three main types: polycrystalline,
monocrystalline, and gallium arsenide cells. Polycrystalline silicon cells are
produced by casting high pure molten silicon. This cast is then sliced into the
appropriate sizes, and the slices are used to produce PV cells (Bagher et al.,
2015). Monocrystalline cells are produced from very high pure silicon to achieve
the crystal lattice, which extends to the edge. Monocrystalline cells have a high
efficiency and low cost compared to polycrystalline cells; the reported efficiencies
of monocrystalline and polycrystalline cells are 25.6% and 20.8%, respectively
(Pandey et al., 2016). Both types consist of six main layers — glass, ethylene
vinyl acetate (Li et al., 2014), cell, EVA (ethylene vinyl acetate), back sheet
(some also produce Tedler, which is a polymer sheet), and the frame
(PVeducation.org, 2017) (see Figure 2-6). The dimensions of these layers along

with the thermos-physical properties are listed in Table 2-2.
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Figure 2-6: The layers of monocrystalline and polycrystalline cells (Renogy,
2016).

Table 2-2: The thicknesses and the thermos-physical properties of silicon PV
cell layers (Kant et al., 2016).

PV layers Density Specific ~ Thickness Thermal
kg/m? heat m conductivity

JkgiK?t W m1K-1
Glass face 3000 500 0.003 1.8
EVA 960 2090 0.0005 0.35
Silicon cells 2330 677 0.0003 148
Polyester/ 1200 1250 0.0005 0.2

Tedler
Trilamiate

The thin film cell is different from the crystalline silicon cells, where a thin layer of
the semiconductor deposits on a substrate. This substrate can be metal, plastic,
or glass. The light thickness layer ranges from between nanometres to ten
micrometres (Bagher et al., 2015). This type is classified into three groups:
amorphous silicon, cadmium telluride CdTe, and copper indium gallium
diselenide CIGS. The silicon is non-crystalline, and the thickness is very thin (5—
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20 micrometres). This kind of PV cell is promising because it is cheaper than
crystalline cells, but the efficiency is lower. This type has been developed to
produce CdTe and CIGS, which have higher efficiencies (21% and 20.5%,
respectively) (Pandey et al., 2016). The primary layers of CdTe and CIGS cells
are depicted in Figure 2-7.

Cadmium jer Indium
Telluride [rglggl)emde
e é Glass N Zn0, ITO - 2500A
< /i ‘/,\ Sn020d28n04— 0 \ CdS - 700A
o 0205m | i
> Cas - 600-20004 . CIGS-1-25m
.CdTe-z-sum L Mo - 0.5-1ym
' C-Paste with Glass, Metal Foil,
Plastics

Cu or Metals

Figure 2-7: The layers of CdTe and CIGS cells (NERL, 2016).

Polymer cells are constructed from a conjugated polymer, which works as a
semiconductor. The electron can be moved when it receives energy from the
photon to achieve the photovoltaic effect (Bagher et al., 2015). Polymer cells have
potential advantages owing to their favourable properties, such as their low cost
of production, flexibility, and low weight. In addition, polymer cells can be
produced by printing or coating because they can be produced from the solution

(Bagher et al., 2015). However, the reported efficiency of 11% is still low.

The hybrid PV cell has high performance compared to the silicon solar panel.
However, the cost of this type of cell is still high compared to that of the organic
solar panel. Therefore, organic and non-organic cells are combined to produce a
low-cost and high-efficiency hybrid PV cell (Pandey et al., 2016). The combination

is explained in Figure 2-8.
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Figure 2-8: The layers of the hybrid solar cell (Zhang et al., 2014).

Finally, the dye-sensitised cell was discovered by Graetzel and O’'Regan in 1991.
This type of cell has several advantages, one of which is that it can be produced
by conventional roll-printing, making it cost-effective. In addition, the dye-
sensitised cells are semi-transparent and semi-flexible, thus there are more
possible applications for and opportunities to use this type of cell. However, there
are developments underway to eliminate obstacles to chemical stability (Bagher
et al., 2015).

2.2.3 The electrical and temperature parameters

2.2.3.1 The physics behind the effect of high temperatures on the PV cell

output

It is relatively complex to physically demonstrate the impact of temperature on
the performance of the PV cell. There are two main drawbacks when the
temperature of the PV cell is increased. First, the silicon semiconductor will
degrade as a result of lattice vibration (Hersch and Zweibel, 1982). Second, the
voltage produced will decrease, leading to decreased power output. The voltage
decreases as a result of a decrease in the charge of the depletion region, which
appears on both sides of the p-n junction. If the temperature of the PV cell
increases, a number of the electron-hole pairs will be separated on both the p-
type side and n-type side. On the n-type side, the holes will cross to the p-type
side, and the free electrons will accumulate on the n-type side. In contrast, on the
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p-type side, the electrons cross to the n-type side. This phenomenon leads to a
decrease in the charge of the p-n junction and in turn decreases the voltage and
power output. In addition, at high temperatures, the silicon p-n junction loses its
function completely for the silicon cell type, and no voltage is produced, as
depicted in Figure 2-9 (Hersch and Zweibel, 1982).

Conversion Efficiency (%)

0
0 100 200 300 400
Semiconductor Temperature (°C)

Figure 2-9: The effect of temperature increases on PV cell efficiency (Hersch
and Zweibel, 1982).

2.2.4 The electric parameters

The voltage-current (I-V) curve can be calculated under different solar intensities
and different PV cell temperatures to evaluate the performance of solar panels.
A simple module to describe the I-V relationship can be used to accurately predict
the PV cell output (Kalogirou, 2009). The equivalent circuit for the solar panel is

depicted in Figure 2-10, and the model is (Fu and Tong, 2010):
qlV + IR,]

I'=1I, —Ip—=Isp=1—1, exP[T]_l
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Figure 2-10: The equivalent circuit of the PV cell (Kalogirou, 2009)

Where I, is the generated current, I, is the diode reverse saturation current, R,
is the series resistance, and Ry, is the shunt resistance. All five parameters
depend on the temperature and solar intensity; therefore, the efficiency of the PV
cell depends on the temperature as well as solar radiation. These parameters are
usually measured by the factory according to the reference conditions, which are
1000 W/m? and 25 °C. Figure 2-11 depicts the relationship between the voltage
and the current where the x-axis is the voltage and the y-axis is the current
(Kalogirou, 2009). From Figure 2-11, it can be seen the current decrease slightly
until the voltage is 15 V; then the current decreases dramatically until the voltage
is 21.4 V, which represents the open circuit voltage (V,.), while the maximum
power (B,,) can be obtained by determining the p-v relationship, which occurs at
Ly, and Vi,,. This optimal power depends on the load resistance (Kalogirou,
2009). Therefore, to obtain the desired voltage or desired current, the PV cells
are connected in parallel or in series. While, if the five PV cells are connected in

parallel or in series, the current increases by five times.
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Figure 2-11: I-V and P-V relationship (Kalogirou, 2009).

2.2.5 The temperature parameter

Several studies have pointed out that temperature has a significant impact on the
performance of PV cells (Fesharaki et al., 2011). To investigate the impact of
temperature on the performance of the PV panel as a whole, Equ 2-3 can be
used (Fesharaki et al., 2011):

N =MN1rer [1 - .uref(Tpv - Tref) + ylogio I(t)] 2-3

Where 7 is the efficiency of the solar panel, nr.. is the reference efficiency of
the PV cells at the reference temperature T,.r, and p,.r is the temperature
coefficient, which is different for each type of PV cell. The nr,.r and g,., are
given by the factory and are tested under specific conditions according to the
ASTM where the solar radiation intensity and the T, are 1000 W/m? and 25 °C,

respectively (Singh and Ravindra, 2012). Fesharaki et al. (2011) have illustrated
the relationship between temperature and PV cell efficiency. The results show
that the efficiency increased when the temperature decreased from 75°C to 0 °C,

as depicted in Figure 2-12. Several studies have pointed out that temperature
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has a significant impact on the performance of PV cells (Fesharaki et al., 2011).
To investigate the impact of temperature on the performance of the PV panel as
a whole, Equ 2-3 can be used (Fesharaki et al., 2011):

2-3. The efficiency of different types of PV cells has been tested with different
temperatures by Hashim (2015). The types of PV cells tested are monocrystalline
silicon (m-Si), polycrystalline silicon (p-Si), amorphous silicon (a-S), copper
indium sulphide (CIS), cadmium telluride (CdTe), and dye-sensitised solar cells
(DSC). The results indicate that the efficiency decreases as the temperature

increases for most types of PV cells, while the DSC had different results, as

shown in Figure 2-13.
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Figure 2-12: The relationship between the PV cells power, voltage and
temperature (Hashim, 2015).
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Figure 2-13: The relationship between different types of PV cell efficiency and
the temperature.

Several empirical equations have been developed to predict solar panel
temperature (T,,), which depends on the ambient temperature (T,), wind speed,
Nominal Operating Cell Temperature (NOCT), reference efficiency, and the
temperature coefficient. First, the standard formula describes the T,,, in Equation
2-4:

T,, =T, + #OCT (Tnocr — Tanocr) 2-4
where T, and | are the ambient temperature and the solar radiation, respectively.
Tyocr is the NOTC at Iypcr= 800 W m2, T, yocr = 20 °C, and air velocity is 1 m/s.
In addition, Tyocr depends on the type of PV cell (Schwingshackl et al., 2013).

Second, Skoplaki has developed a more accurate equation, which considers
more parameters:

1

hy, NTre
T,, =Ty + Tnocs (Tnocr — Ta,NOCT)-ﬁ 1- :—af (X = Breg-Nrref)) 25
where T and a can be considered 0.9 and h,,,, is the heat transfer coefficient,
which depends on the air velocity, as expressed in Equation 2-6, while hy, yocr IS

the heat transfer coefficient at a velocity of 1 m s (Schwingshackl et al., 2013):
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h,,=8.91+ 2v,, 26
where v,;, is the air velocity. Third, Koehl has suggested a simple equation to
predict the temperature of the PV cell:

1
Uo+ U1vgir

Tyy =Tq + 2-7

Where U, and U, are specified by Koehl. Using Equations 2-4, 2-5, 2-6, and 2-7,
the temperature of the solar panel can be calculated using three methods.
However, these methods do not accurately calculate the temperature of the PV
cell because they do not consider the effect of natural convection.

In summary, first, some of the sunlight energy converts to heat inside the PV cells
and increases the PV cell temperature. This temperature increase leads to a
decreased PV cell efficiency and increased degradation of the PV cell. Second,
the non-uniform temperatures of the PV panels lead to different voltage outputs.
These differences in voltage output lead to complicated problems when
connecting them electrically.

2.3 Cooling methods for the PV panel

In order to overcome the problems that result from an increased temperature in
the PV panel, different PV panel cooling methods have been studied within the
literature. The main cooling methods consist of air cooling, liquid cooling,
thermoelectric cooling, and PCM cooling, as shown in Figure 2-14. Both the
forced air and forced liquid cooling consume high levels of electrical power to
circulate the fluid, and they require maintenance (Shukla et al., 2017). Therefore,
this literature review will only discuss natural air cooling, floating cooling,

thermoelectric cooling, and PCM cooling for PV panels.

21



Cooling the PV
panel

Liquid cooling Thez;'&?rllzd”c PCM cooling

~

Offshore on shore

Figure 2-14: Main cooling methods for PV panels

2.3.1 Natural air cooling for PV panels

Usually, the air works as a natural coolant for PV panels due to wind and natural
convection. Some studies, such as a study conducted by Mittelman et al. (2009),
tried to increase natural air convection using an open air channel with PV panels.
They used Fluent software to study the impact of the different depths of the
channel. They assumed that the ambient wind speed was 1 m st. The results
indicate that the maximum air speed generated inside the channel was
approximately 1.1 m st. However, they claimed that the temperature of the PV
panel with an open air channel was lower than that of the PV panel without an

open air channel by 10-20 K.

2.3.2 Cooling floating PV panels

In order to improve the efficiency of floating PV cells, several projects and
research studies have implemented different cooling methods.

The Aichi project (20 kW) compared two floating groups; the first one used the
water spray cooling method, and the second one did not (Trapani and Redén
Santafé, 2015). The efficiency of the first group increased by 9.6% (with the
temperature dropping to 25 °C) compared to that of the second group. However,
this system used extra power to circulate and spray the water, which meant extra

costs and running power consumption.
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Similarly, the efficiency of the Hapcheon 500 kW floating PV power plant, which
was tilted to 33°, was compared to that of the Haman 1 MW land PV power plant,
which was tilted to 30° (Choi, 2014). The distance between the two plants is 60
km. The results indicate that the efficiency of the floating system was 10.3%
higher than that of the land power plant; Choi (2014) claimed that this efficiency
was due to the cooling effect. However, no cooling system was used by the plant.
In contrast, Sahu et al. (2016) stated that this efficiency improvement was the
result of the transfer of heat from the PV panels to the water by the aluminium
structure. However, it can be seen in Figure 2-15 that the temperature differences
between the floating and land PV panels are not significant, while studies of PV
cells have stated that their efficiency can improve by 0.4-0.5% for every 1 °C
drop (Huang, 2011a). Figure 2-15 shows that the temperature differences are
less than 10 °C, and sometimes the land PV power plant has a lower temperature
than the floating PV power plant. This means this temperature difference is not
enough to improve the PV cell efficiency by 10.3%. Therefore, this improvement

could be the result of the different tilt angles of these power plants or other factors.
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Figure 2-15: PV Cell temperature differences between the Hapcheon 500kwW
floating PV power plant and the Haman 1MW land PV power plant (Choi,
2014).

Furthermore, very few papers have discussed the cooling methods used for
floating PV panels, such as the direct contact of PV panels with the water's
surface and using a PCM with horizontal PV panels. Trapani and Millar (2014)
presented a new concept for cooling floating PV cells; their concept involves
direct contact between the water and the PV panels, as depicted in Figure 2-16.
The results indicate that the efficiency of the PV cells increased by about 5% due
to the water cooling. A variant of this cooling method was presented by Ho et al.
(2016) where they combined a PCM with floating PV cells. The results illustrate
that the efficiency of the floating PV-PCM system increased by 2.03% compared

to that of the floating PV cells alone. However, the tilt angle in both these studies
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was zero, which means that these systems do not work at the optimal angle.
Consequently, the solar radiation received by this system would be less than that
received by inclined floating PV cells. Therefore, it would be ideal to design new
methods to cool inclined floating PV panels that do not consume power during

the cooling process.

Figure 2-16: Floating PV panels (Trapani and Millar, 2014).

2.3.3 PV-TED

The thermo-electric devise (TED) is used as a cooling devise or TED is used
convert some of the waste heat to electrical power. There are several materials
of the TED depending on the operating temperature. The best type of TED for an
operating temperature of less than 150 °C is Bi2Tes (Twaha et al., 2016). TED
performance depends on a number of parameters, such as the length of the
thermoelement, the leg area ratio between n- and p-type legs, fill fraction, and

load resistance (Twaha et al., 2016).

Cui et al. (2016) introduced a new concentrated PV-PCM-TED system, which is
explained in Figure 2-17. They placed the PCM between the PV panel and the
TED. In this system, they used a lens to concentrate the sun’s radiation in-front
the PV cell and pumped water to be used as a heat sink with specific dimensions.
The aim of this integration was to ensure that the temperature of the PV panel
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and TED did not fluctuation and remained close to the optimal temperature. Four
kinds of the PV panels (c-Si, CIGS, single-junction GaAs, and GalnP/InGaAs/Ge
[I-V]) were tested. They created a thermal network for the suggested system
with a thermal basis analysis for the PCM and water heat sink, and they specified
the governing energy equation. They discussed the assessment of PV panels,
thermoelectric effects, PCM selection, the heat sink dimensions, and the

optimisation of the system (Cui et al., 2016).

This study did not discuss the fins inside the PCM. Also, it did not discuss the
different types of TED effects, which can significantly affect the thermal
distribution and the overall output. In addition, this system used extra power to

reject the waste heat as well as extra equipment.

Fresnel lens

PV cell
./
PCM
Jl — i
UOOIARONREE S mreat sink

TE modules

Figure 2-17: The concentrated PV-PCM-TED system (Cui et al., 2016).

Lamba and Kaushik (2016) carried out a theoretical study for the concentrated
PV-TED system. The schematic of this system is shown in Figure 2-18. This study
derived a theoretical model to estimate the temperatures of the PV cells as well
as the cold and hot sides of the TED. These temperatures have been used with
other parameters to calculate the electrical output of the concentrated PV-TED
system using MATLAB software. Their research used one type of PV cell and a
different number of legs for the TED. The results show that the power output of

the PV-TED system is more than the PV alone, and the best concentrated ratio
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of solar energy is three suns. The electrical output was reduced by 0.7%.
However, it only considered Fourier's law relating to the TED regardless of the
influence of the Seebeck effect on heat conduction. Moreover, this study did not

consider the impact of natural convection on the PV cells’ temperatures
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Figure 2-18: the schematic of the PV-TED system (Lamba and Kaushik, 2016)

Beeri et al. (2015) investigated the performance of the concentrated PV-TED
system theoretically and experimentally with different concentration ratios of up
to 300X. A multi-junction PV cell was used with the TED based on Bi2Te3. The
commercial software COMSOL was used to execute the theoretical analyses.
The results indicate that the efficiency of the PV-TED system reached 32% at the
optimal concentration of 200X. In this case, the TED contributed 40% of the

electrical output.

Kossyvakis et al. (2016) analysed the performance of the PV-TED
experimentally. They investigated the performance of two types of PV cells —
polysilicon cells and dye-sensitised cells — with two different thermoelement
lengths based on Bi2Te3. The electrical output of this system was measured
separately for the PV cells and the TED under different temperatures ranging
from 25 °C to 85 °C. The theoretical results show that the operation efficiency of

the polysilicon cell decreased by 24% from 15.2% to 12.4% when the temperature
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increased from 25 °C to 85 °C. Its efficiency decreased experimentally by 53.94%

at 86 °C, reaching 7%.

Ju et al. (2012) numerically modelled the concentrated PV-TED system by
splitting the sunlight according to the wavelength, as depicted in Figure 2-19. This
research used the GaAs PV cell type and CoSbs TED type with a concentration
ratio of the solar sun of up to 800. The results show that the PV-TED electrical
output is higher than the output of the PV cell alone, and the contribution of the
TED output reached approximately 10%. In addition, the cooling system for the
TED and PV had a significant impact on the electrical output of this concentrated

PV-TED system.
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Figure 2-19: Concentrated PV-TED system with light filter (Ju et al., 2012).

Li et al. (2014) designed a new system to harvest a higher percentage of sunlight,
as depicted in Figure 2-20, where the concentrator was used with a splitter to
focus the sunbeam in two different areas. The first area was the PV cell, and the
second area was the storage system. The theoretical results illustrate that the
output power could be increased by 30% by adding the storage system. In
addition, the efficiency of this system increased when the hot-side temperature

of the TED increased.
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Figure 2-20: the combined PV-TED system (Li et al., 2014)
(Bjerk and Nielsen, 2015) investigated the performance of four types of PV cells
accompanied by the Bi2Te3 TE module. The power outputs of the three types of
PV-TED systems (c-Si-TE, CIGS-Te, and CdTe-TE) were lower than the power
output of the PV cell alone. However, the power output of the a-Si-TED system

was greater than the electrical output of the PV cell alone.

2.4 PV-PCM

In order to reduce the PV cell temperature, using a PCM that is incorporated into
the back surface of a PV cell is one of the most promising techniques. The most
important feature of the PCM is that it can absorb a large amount of heat when
solid phase change to a liquid phase at a constant temperature. This feature can
be used to manage PV cells at uniform and desired temperatures without having
to consume extra power to circulate coolants. In the beginning, a PCM absorbs
heat energy sensibly until reaching the melting temperature (Browne et al., 2015);
then, it starts melting, and the temperature remains constant within the melting
boundary. This melting boundary moves in the opposite direction of the PV cell.
This movement is a function of the thermophysical properties of the PCM, the
heat of fusion, the space between the melting boundary and the PV panel, the
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solar radiation intensity, and the boundary conditions. Finally, the stored heat
inside the PCM is released into the atmosphere during the night. These
processes lead to a decreased PV cell temperature and, in turn, an increased

efficiency.

In order to predict the temperature alongside the depth of the PCM, the moving
melting boundary is a function of time and space, which causes what is called
Stefan problems. Therefore, a transient model should be used instead of an
analytical model (Hu and Argyropoulos, 1996). The three main methods used to
simulate the heat transfer for the PCM are the apparent heat capacity method,
the latent heat method, and the enthalpy method. The apparent heat capacity
method assumes that the melting process occurs within a range of temperatures,
and the specific heat capacity of the PCM during the melting process is equal to
the sum of the specific heat for solid and the latent heat divided by the melting
temperature range (Poirier and Salcudean, 1988). While the latent heat method
assumes the melting process happens at a constant temperature and that the
melting process is described by the melting percentage (Poirier and Salcudean,
1988). The enthalpy method uses the enthalpy change along with temperature
change and this method assumed the melting process happens at a range of
temperatures (Poirier and Salcudean, 1988).

The research that studied the impact of the PCM on the PV panel can be
organised into two parts. First is the research that used numerical software
packages, such as ANSYS Fluent and COMSOL Multiphysics, which use the
latent heat method (Manual, 2001) and the enthalpy method (Fayaz et al., 2019),
respectively. Second is the research that generated or used a one-dimensional
PV-PCM model.

2.4.1 Theresearch that used software packages

A noteworthy study on PV-PCM was carried out by Hung et al. (2000 cited in
(Browne et al.,, 2015). This study has been reported as the first numerical
research that achieved agreement with experimental results. Several cases were
investigated, such as incorporated PV with an aluminium container for a PCM
both with and without fins. The experimental results show a good agreement with

the theoretical results (Browne et al., 2015). Many subsequent studies have used
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these packages to investigate different parameters of the PV-PCM system such

as.

2.4.1.1 The impact of different kinds of PCM on PV panel output

Different PCMs have different thermophysical properties, leading to different
cooling effects on PV cell output. In order to explain these impacts, different types
of PCMs combined with monocrystalline PV cells were studied by Hasan et al.
(2010). They used five PCMs: paraffin wax (RT20), capric—lauric acid (C-L),
capric—palmitic acid (C—-P), pure salt hydrate (CaCl26H20), and commercial blend
(SP22). Each PCM was encapsulated in four different containers: two aluminium
(with two different widths: system A [5 mm] and system C [3 mm]) and two
perspex (with two widths: system B [5 mm] and system D [3 mm]). This
experimental study used three different solar intensities: 500, 750, and 1000
W/m?. The results indicate that the maximum decrease in PV cell temperature
was caused by the salt hydrate in the 5-mm-thick aluminium container. This result
can be attributed to the high thermal conductivity of CaCl2. Figure 2-21 illustrates
how long the PV cell temperature remained below 10°C compared to that of the
reference PV cell. The y-axis represents this duration. The impacts of different
types of the PCM and different containers with solar radiation 1000 W/m? are also
illustrated. It can be seen that the salt hydrate within the aluminium container was
able to remain a PV cell temperature lower than 10°C than the reference PV cell
temperature for the longest period of time. Here, the aluminium container worked
as a fin and had a high impact on the cooling of the PV cell. However, in this
study, the surrounding air temperature was fixed at 20 °C, which means the

surroundings significantly affected the results.
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Figure 2-21: The y-axis represents how much longer the PV cells could be kept
below 10 °C than the reference PV cell; the x-axis represents different
PCMs and different containers (Hasan et al., 2010).

Also, Cellura et al. (2008) studied the effect of several PCM melting temperatures
on the performance of PV cells. Three paraffin varieties were used with different
melting temperature ranges (PCM1: 26-28 °C, PCM2: 31 °C, and PCM3: 28-32
°C). The theoretical result using COMSOL software indicates that the PCM3 with
a melting range of 28-32 °C significantly reduced PV cell temperature. The
difference between the PV cell and the PV-PCM is illustrated in Figure 2-22. This
result was achieved on a typical summer day in Palermo, Italy. However, the

thickness of the PCM is not mentioned.
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Figure 2-22: Different theoretical temperatures for the PV cell alone and PV-
PCM on a summer day in Palermo, Italy (Cellura et al., 2008).

However, some studies in the literature have indicated that using different types
of PCMs has the same impact on the output of PV cells. Tanuwijava et al. (2013)
examined the impact of two PCMs with different melting temperatures (26 °C and
34 °C) on the performance of PV cells. They studied the two PCMs using
microencapsulation. The results show no noticeable difference between using the
two PCMs.

In contrast, the impact of two PCMs on the temperature of PV cells was explored
experimentally (Hasan et al., 2014). The melting temperatures of the two PCMs
studied were 22.5 °C and 29.8 °C for capric-palmitic acid (PCM1) and calcium
chloride hexahydrate (PCM2), respectively. These systems were tested in Dublin,
Ireland and Vehari, Pakistan. Figure 2-23 explains the impact of PCMs with
different melting temperatures on the cooling of PV cells. It can be seen from
Figure 2-23 that PCM1 reduced the temperature of the PV cells in Dublin and
Vehari by 7 °C and 17 °C, respectively, compared to PCM2, which reduced the
temperature by 10 °C and 21 °C, respectively. This means there was an
approximate 3.5 °C reduction in temperature using PCM2 in both cities, while
PCM2 has a higher melting temperature than PCM1 by 7.3 °C. It seems the high
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thermal conductivity of PCM2 (0.56 W m°C- for liquid) compared to that of
PCM1 (0.14 W m °C-* for liquid) led to the different cooling rates for the PV cells.
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Figure 2-23: PV cell temperatures using two PCMs in (A) Dublin (12 September
2009) and (B) Vehari (30 October 2009) (Hasan et al., 2014).

Another development study was carried out by Huang (2011b) where two shapes
of containers, i.e. triangular and semi-circular, were used with PCMs with various
melting temperatures (RT21, RT27, RT31, and RT60). The results indicate that
the triangular cell shape with RT27 had the highest performance, followed by
RT21.
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Figure 2-24: Using two PCMs inside one system (Huang, 2011b).
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In summary, the effect of the different types of PCMs on the output of PV cells

depends on several factors:

Melting temperature of the PCM
Thermal conductivity of the PCM
Heat of fusion of the PCM

Specific heat capacity of the PCM

Solar radiation

>

>

>

>

» Ambient temperature
>

» Thickness of the PCM
>

Fins inside the PCM

2.4.1.2 The impact of different thicknesses of PCM on the PV output

The thickness of the PCM plays a key role in controlling the temperature of PV
cells. The heat generated inside the PV cell should be absorbed by the PCM. In
other words, the total heat energy generated during one day minus the loss of
energy to the ambience should be equal the heat of fusion subtracted from the
total PCM mass incorporated within the PV cell. The quantity of this mass
depends on the density, thickness, and the unit area. The unit area is the same
for the PV cell and the PCM. Therefore, the total heat of fusion depends on the
thickness of the PCM. As a result, the cooling period depends on the PCM'’s
thickness. The impact of this thickness on PV cells has been widely studied.

The effect of paraffin wax PCMs with three different thicknesses (20 mm, 30 mm,
and 50 mm) on PV cell temperature was examined numerically by (Huang et al.,
2004). These different designs were based on the ambient and solar radiation
conditions in southeast England on 21 June using PCMs without fins. The results
indicate that the PV cell temperature (represented by an aluminium plate)
reached 55 °C, while the 30-mm-thick PCM controlled the PV cell temperature to
below 35 °C during a three-day simulation, as shown in Figure 2-25. In contrast,

using the PCM with a 20 mm thickness was inadequate, and all the mass melted
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before the end of the day. This caused the temperature to increase to 45 °C.

However, the results indicate that the PCM with a 50 mm thickness did not melt
completely.
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Figure 2-25: The temperature of the PV cell with PCMs of three different
thicknesses (Huang et al., 2004).

2.4.1.3 The impact of different tilt angles on PV-PCM temperature
distribution

The impact of different tilt angles on the temperature distribution of the PV-PCM
system was discussed by Kant et al. (2016). The results indicate that when the
tilt angle increased the velocity of the melted PCM decreased. Therefore, the
temperature of the PV cell increased, as depicted in Figure 2-26. These tilt angles
are from the vertical line. Another study was developed by Nehari et al. (2016b)
to investigate the impact of the different tilt angles of a PV-PCM system with fins
on PV cell temperature. The results indicate that the zero inclination of the PV-
PCM system achieved a lower PV cell temperature, as shown in Figure 2-27.
However, no study has discussed the impact of PV-PCM systems with fins with

different fixed angles on the temperature distribution of the PV cell. This study
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would be worthwhile in order to optimise the fin angle inside the PV-PCM system,

which has fixed angle.
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Figure 2-26: The effect of different PV-PCM tilt angles on PV cell temperature
(Kant et al., 2016).

Figure 2-27: The impact of different tilt angles on the temperature of the PV-
PCM system with fins (Nehari et al., 2016b).
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2.4.1.4 PV-PCM fins

In 2004, (Huang et al., 2004) studied the temperature distribution of a PV-PCM
that incorporated fins. The aim of this paper was to develop a simulation model
and compare the results of this model to experimental results. The numerical
simulation suggested that the heat transfer coefficients for the front of the PV and
the back of the PCM are dependent on time. This study used the transient model.
Also, the Boussinesq approximation was used to simulate free convection and
diffusion in the molten phase. The experimental work used paraffin wax as the
PCM and aluminium fins, as depicted in Figure 2-28. The results show good
agreement between the numerical model and experimental results. In addition,
the results indicate that the temperature of the PV alone reached up to 64 °C,
while it could be as low as 44 °C when the PV is incorporated with the PCM.
Moreover, the fins enhanced the heat transfer and reduced the average
temperature of the PV. However, the result show that the large number of fins
could reduce the convection heat transfer inside the PCM. This study paved the
way for investigations on temperature distribution of PV-PCM-integrated building.

However, this study did not mention the type of mesh that was used.

In 2006, Huang et al. attempted to solve the 3D problem instead of focusing on
2D alone. The aim of this research was to develop a numerical model to study
the impact of the pin fins on the temperature distribution of the PV. There is a
good agreement when comparing this 3D model to the 2D model. Also, the
numerical results show that the five-pin fins enhanced the temperature
homogeneity. In 2007, Huang et al. experimentally validated the 3D model with

pin fins.
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Figure 2-28: A PV-PCM-integrated building (Huang et al., 2004).
The effect of the different sizes of spaces between fins inside the PCM has been
discussed in some papers. Huang et al. (2011) experimentally studied six
different spaces (4 mm, 8 mm, 12 mm, 24 mm, 33 mm, and 42 mm) between fins
and their impact on the temperature of PV cells. Huang et al. (2011) studied
natural convection related to the spaces between the fins as well as fin lengths.
The results indicate that adding fins inside the PCM led to a reduction in top cavity
formation and greater temperature stability for the PV cell. In addition, the
increased number of fins leads to decrease the thermal stratification and reduced
the PV cell temperature. The relationship between the temperature and the

spacing between two fins is illustrated in
Figure 2-29. It can be seen in

Figure 2-29 that the maximum temperature reduction occurred at a minimum
spacing of 8 mm. However, the Rayleigh reduced as the spacing decreased.
Figure 2-30 illustrates the relationship between fin spacing and the Rayleigh
number, which represents the buoyancy forces that cause the natural convection.
An important drawback was mentioned in this research, i.e. increasing the

number of fins leads to an increase in the metal mass. However, it seems natural
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convection could be improved by using different fin angles. In addition, using

different hollow shapes inside the fins could also increase natural convection and

reduce the fin mass.
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Figure 2-29: PV cell temperature with different spacings (Huang et al., 2011).
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Figure 2-30: The relationship between fin spacing and the Rayleigh number
inside the PCM (Huang et al., 2011).
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Some studies discussed the relationships between the depth of the fin, the
spacing between fins, the stable temperature for the PV cell, and the period of
temperature stability, as depicted in Figure 2-31. The x-axis refers to the ratio of
fin spacing—depth, the left y-axis refers to the PV temperature, and right y-axis
refers to the period during which PV cell temperature remained unchanged. When
the ratio of fin spacing-depth increased, the temperature of the PV increased, and
the period also increased because in this case, when the fins were extruded, the

heat transfer increased and the temperature of the PV cells decreased.

Nehari et al. (2016a) studied the impact of fin length on the melting process and
the temperature distribution within the PV-PCM system. This system consisted of
PV cells and aluminium fins of several different lengths (0, 5, 10, 15, 20, 25, 30,
35, and 40 mm) attached to the back of the PV cells, with the RT25 PCM inside
the aluminium container. Fluent 6.3 was used to solve the heat and momentum
equations. The results show that the 25-, 30-, and 35-mm fins had a greater effect
on reducing the PV panel temperature than the fins of other lengths.
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Shukla et al. (2017) reviewed different methods of cooling PV cells. They
mentioned that increasing the fins inside the PCM achieves a uniform
temperature distribution. In contrast, this increased number of fins reduces the
movements of the molten PCM. In addition, there is no paper that presents a

solution for this problem.

Khanna et al. (2018) used ANSYS Fluent to study the optimal thickness of the
PCM, the best aluminium fins inside the PCM, and the best space between the
fins. This optimisation depended on studying the maximum electrical output of
the PV-RT 25 PCM by simulating the PV-PCM with a 1 kwm2 solar radiation
intensity for two cases: 3.5 hours and 6 hours. The results indicate that the most
suitable depth of the PCM for the first case is 2.8 cm, the most suitable fin
thickness is 2 mm, and the best space between each two fins is 25 cm. This paper
concludes that thicker fins or less space between the fins would not have a
significant effect on the electrical output. Khanna et al. (2019) used the same
methodology; they studied the impact of different wind speeds on the optimal
thickness of the PCM. Lu et al. (2018) used a CFD package to study the impact
of vertical and horizontal fins on the PV-PCM system with experimental lab work.
The simulation and the experimental lab work only lasted 500 minutes, and they
found that vertical fins are better than horizontal fins, while Benlekkam et al.

(2018) used ANSYS Fluent to study different fin configurations, as shown in
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Figure 2-32: Different fin configurations in the PV-PCM system (Benlekkam et
al., 2018).

2.4.1.5 The impact of encapsulated PCM on PV panel output

Nouira and Sammouda (2018) studied the impact of aluminium-encapsulated
PCM on PV panel electrical output for two days in July in Sousse, Tunisia using
COMSOL. In addition, they studied the impact of wind direction and different dust
deposits on the PV-PCM system. They mentioned that when the dust intensities
are 3 gm?2 and 9 gm, the absorbed solar radiation decreased by 72 and 227,
and the efficiencies were 13.1% and 13.5%, respectively. The results of this

paper are not logical.

2.4.2 The one-dimensional PV-PCM simulation

The solid/liquid moving boundary during the melting and solidification processes
was first reported by Lame and Clapeyron in 1831 and first identified as a problem
by Stefan in 1889 (Zalba et al., 2003). This problem is related to the thermal
analysis where the movement of this boundary depends on the speed of the
absorbed or lost latent heat, while this speed depends on the unknown position
of this boundary, which makes the thermal analysis problem more complicated,
and thus it is referred to as the Stefan problem (Zalba et al., 2003). Therefore,
since 1889, several methods have been adopted to investigate thermal behaviour
during the melting and solidification processes.

Zalba et al. (2003) conducted a review of heat storage; they focused on three
parts: heat transfer, materials, and appliances. They discussed the literature on
the thermal analysis of PCMs and the developments up to 2003. This study
showed that there are two kinds of numerical solutions for the thermal analysis of
PCM; the first kind only considers heat conduction, while the second kind

considers both conduction and convection to model the heat transfer equations.

Malvi et al. (2011) implemented thermal analysis for the PV-PCM combined with
water cooling. In order to estimate the performance of this system, one-
dimensional modelling was described and used with a time step of one second.
This model depended on the finite difference and energy balance equation. The

results indicate that the output of the PV-PCM-solar thermal system increased by
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9% compared to PV alone. Smith et al. (2014) used the same modelling
procedure to predict the annual PV-PCM energy output with a one-hour time step.
However, neither of these studies mention anything about the convergence of the

model used. In addition, these studies have not validated this model.

Ciulla et al. (2012) studied the finite difference solution for the PV-PCM, and they
created a one-dimensional model. The results show this model was valid for
investigating the performance of the PV-PCM system. This study used the finite
difference method to analyse the PV-PCM system. It was suggested that the
PCM is isothermal, and the system is divided into four layers: glass (3.2 mm),
silicon cells, interface region, and the PCM layer. This research presents two
groups of equations for the PCM,; the first group describes the energy balance for
the external nodes, while the second group describes the energy balance for the
eternal nodes. However, this model is not valid for predicting thermal behaviour
during the night (Ciulla et al., 2012).

Hendricks and Sark (2013) used the one-dimensional model to predict the impact
of the PCM on the PV performance integrated with buildings in Utrecht, the
Netherlands and Malaga, Spain. The results indicate that the PV output could be
increased by 3% using the PCM. This study used a heat absorbance factor
instead of using any type of heat of fusion model. This heat absorbance is a

function of absorbing heat based on the results of previous numerical studies.

In contrast to Ciulla et al. (2012) and Malvi et al. (2011), Brano et al. (2014) used
the explicit finite deference scheme and enthalpy balance method to simulate the
one-dimensional modelling of the PV-PCM system. This study assumed that the
liquid phase has high viscosity in order to neglect the natural convection inside
the PCM. The numerical and experimental results have good agreement with a
margin of error of less than 7%, as shown in Figure 2-33, where the x-axis
represents the time per hour for three days, the left y-axis represents the
temperature (°C), and the right y-axis represents the power output (W). These
experimental and numerical data were observed in Palermo between 30 June
and 2 July. Notably, almost similar figures and results have been published by
the same authors in another journal (Lo Brano et al., 2013).
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Figure 2-33: The numerical and experimental results for the PV-PCM, 30 June
to 2 July in Palermo, Italy (Brano et al., 2014).

On the other hand, Kladisios and Stegou-Sagia (2015) introduced a new one-
dimensional model to study the impact of the PCM on the PV output. This one-
dimensional model depends on the effective heat capacity method. In addition,
this paper used the implicit expression. However, this paper had not validated
this model. In addition, the convergence, stability, and the compatibility were not

mentioned.

Mahamudul et al. (2016) studied the impact of using a PCM to reduce PV cell
temperature in Malaysia using the Matlab software. This study used heat balance
for the PV cell without mentioning any equations for heat transfer inside the PCM.
This paper also carried out experimental work and the results indicated that the
temperature of the PV-PCM reduced by 10°C as compared with the PV cell alone.
However, this paper described strange and unacceptable method to validate the
numerical model. This method compared the result with other papers regardless

of the different weather conditions and different PCMs.
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Kibria et al. (2016) further developed the one-dimensional model, where full
implicit schemes and energy balance equations were used. This paper used the
total enthalpy method to solve the PCM problem. The results showed good
agreement with a literature experimental result. In addition the results indicated
that increasing the space division leads to better agreement with the experimental
results. However, this paper mentioned that increasing the space division lead to

an expensive computational solution.

Aly et al. (2017) developed a solar radiation model which connects with a two-
dimensional transient PV-PCM model. In their study, the energy balance method
for each spatial node and the fully implicit time scheme have been used. The
results indicated that the heat transfer from the PV panel sides did not have a
noticeable impact. Same fully implicit method for one dimensional method has
been used by Wagas and Ji (2017) to study the impact of the shutters on the PV-
PCM performance. In contrast, Hasan et al. (2017) have investigated the impact
of the PCM on the PV panel output experimentally and numerically in the United
Arab Emirates, using the Crank—Nicholson time-discretization method. The
results indicated that when PCM passive cooling is used, the annual energy
production of the PV panel increased by 5.9%. However, these papers have not
iterated the process to find the correct temperature for the convection and
radiation model, which means it has not tested convergence. In addition,
compatibility with different time and space discretisation has not been tested, nor

the mathematical equations described correctly.

Hachem et al. (2017) studied the effects of using two PCMs on the electrical
output of the PV panel experimentally. The results illustrated that PV panel
efficiency increased by 3% if one PCM was used compared to 5.8% if a
combination of PCMs was used. This paper claimed that a thermal PV-PCM
model was used. However, the time-discretization method has not been

mentioned.

Arici et al. (2018) developed a one dimensional PV-PCM model to predict the PV
panel temperature, the power output increment and the economic assessment.
The aims of this paper were to make optimization for PV-PCM system and to
investigate the economic value of using the PCM on two Turkish cities: Ankara

and Mersin. This paper has neglected the two EVA layers and assumed the there
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is no temperature difference in silicon layer. This paper has used the explicit finite
difference method with latent heat method for the PCM. Only one organic PCM
was used in this paper with no change for the thermophysical properties with
different phases (liquid and solid). This paper studied the performance of PV
power output for two days 215t of May and 215t of December, the results seem for
day time without night time. Then for these two days, the authors used different
melting temperature started from 1 °C to 50 °C with 1 °C interval. In addition, the
authors used three different latent heat 180, 200 and 250 kJ kg™. Then, this paper
found the optimal thickness of the PCM and optimal melting temperature for each
month for the two cities. Nizeti¢ et al. (2018) have used the same numerical
method with experimental work for three days in Split in Croatia. However, these
papers have not mentioned the time step and the node number that used. In
addition, these papers have not investigated the time independent and increment
size independent. In these papers, it is not mentioned how the model predicted
the power output for each month, however a typical day seems be used for each
month. This, paper has not mentioned anything about the PCM solidification

simulation during the night.

Zhao et al. (2019) have studied the impact of the PCM on the PV panel electric
output for a whole year for Shanghai. They used the apparent heat capacity
method to simulate the melting and solidification process. They used time step
as 0.1 second. They used the explicit time discretization has been used. This
paper used only one node from the PV panel without mentioned any more details.
The results indicated the maximum power improvement was 2.46% yearly.

Gaur et al. (2017) developed a mathematical model for a PV thermal system with
and without PCM. This paper neglected the heat capacitance of the glass. In
addition, it considered that the temperature of the PCM was constant during the
solidification and melting processes, and so the equations have been solved
analytically. The results of this model have not been validated with experimental
work or in the literature. In addition, there is no justification for considering the
temperature of the whole PCM during the solidification and melting processes.
Furthermore, the mathematical equations have not been described correctly, and

the boundary conditions for the equations have not been mentioned.
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On the other hand, Yuan et al. (2018) has studied the impact of the PCM and
water cooling on the performance of the PV thermal system experimentally and
numerically. While, Al-Waeli et al. (2019) have added the nano particle to the
water to study the impact of the PCM and nanofluid on the performance of the
PV thermal system. These studies has not described each layer of the PV panel
and the time discretization has not been mentioned. Table 1 summaries the
literature reviewed in this paper.

Using the PCMs to control the PV cells temperature has been reviewed by Ma et
al. (2015) in term of materials, numerical methods, heat transfer improvements
and simulation. They highlighted that the numerical methods which used to solve
the transient heat transfer problem can be improved by using new numerical
methods. They mentioned that these new methods should be compared with
experimental results to validate it. In addition, Islam et al. (2016) also, reviewed
the PV-PCM system and they conclude that the numerical model for the PV-PCM
systems should be developed to simulate the these systems precisely.

2.5 Conclusions

The aim of this chapter is to present an overview of the fundamentals of PV cells
and describe the problems and the promising solutions in order to encourage the
development of techniques to overcome these problems. The first problem is that
non-useful energy from solar radiation leads to increased PV cell temperatures.
Consequently, the efficiency of the PV cell decreases by approximately 0.45%/k.
Second, the non-uniform temperature of PV cells leads to different voltage
outputs, which leads to electrical losses when PV cells connect in parallel. In
addition, this non-uniform temperature results in to hot spots, which increase the
likelihood that the PV cell will be damaged.

In order to overcome the first two problems, passive air cooling, floating cooling,
incorporating the PCM, and TED with PV panels have been reviewed and
discussed. First, passive air cooling with an open duct beneath the PV panel
could achieve a 1.1 m/s! air speed inside the duct. However, the wind speed
could reach more than twice this air speed. This means the wind could cool the

PV panel more effectively than the open air duct beneath the PV panel. In
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addition, this cooling method can achieve uniform cooling for the PV panel.
Second, the floating cooling method should place the PV panel in contact with
water, which means the PV panel is either installed horizontally or at a tilted
angel. If the PV panel is installed horizontally, which is not the optimal angle, the
solar radiation that strikes the PV panel is less than the solar radiation that strikes
the PV panel with an optimal tilted angle and results in less electrical power
output, while if the floating PV panel is tilted, it needs electrical power to circulate
the water and requires maintenance. Third, using the TED could achieve uniform
cooling, but it consumes a significant amount of electrical power. Finally, using
the PCM as a coolant could be one of the most promising methods to control the
temperature of the PV panel.

Numerical software, such as ANSYS Fluent and COMSOL Multiphysics, have
been used to investigate the impact of different parameters, such as the type of
PCM, thickness, and weather conditions, on PV-PCM performance over different
periods of time. In 2000, Hung et al. (Browne et al., 2015) reported agreement
with experimental results using ANSYS Fluent. Consequently, several studies
have used ANSYS Fluent software, such as (Huang et al., 2004), (Nehari et al.,
2016a), (Emam et al., 2017), (Luo et al., 2017), and (Qureshi et al., 2018), while
others (Cellura et al., 2008) have used COMSOL Multiphysics. (Shukla et al.,
2017) carried out a review of different methods of cooling PV cells using
numerical software, which have also been used to design the PV-PCM system.
However, they have only been used to simulate one or two days of results

because to simulate an entire year would be time consuming and complicated.

In order to simulate an entire year of data, a more practical approach would be to
build a one-dimensional model using MATLAB software. Based on the literature
review, several techniques have been developed. These include one-
dimensional models to investigate the impact of the PCM on the performance of
PV panels. These studies have used either implicit or explicit methods, which
consume computing time. Therefore, the first contribution of this study, a novel
one-dimensional model for the PV-PCM, will be introduced and implemented
based on a combined lumped-numerical model to reduce computing time
consumption. Compared to those of the literature, the main advantage of this
model is that the time step can be increased compared to an explicit model with
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a stable solution; if it is compared to the implicit model, it will not need to iterate
for each time step. This means the time required for the numerical solution can
be reduced. In addition, the computing time for the three models (implicit, explicit

and lumped-numerical) will be calculated and compared.

The models in the literature did not consider thermal contact conductance
between the PV panel and the container of the PCM. Therefore, the second
contribution of this study is to develop these three models — implicit, explicit and
lumped-numerical — of the PV-PCM module to include thermal contact
conductance. Then, the impact of different levels of thermal contact conductance

on the performance of the PV-PCM system will be investigated.

According to the literature, the one-dimensional numerical models for the PV-
PCM did not consider the volume change for the PCM during the phase change.
Thus, the third contribution of this PhD study is to consider the volume change
and study the impact of the volume change on the temperature and the efficiency
of the PV panel.

The three primary methods used to simulate the heat transfer for the PCM are
the apparent heat capacity method, the latent heat method, and enthalpy method.
Within the literature, when these methods were used with implicit discretisation,
the researchers calculated the apparent specific heat according to the
temperature of the previous time step. However, mathematically, the apparent
specific heat should be calculated according to the temperature of the current
time step, which could significantly impact the results of the temperature. This
problem could occur with the PCM and with these two methods only as a result
of significant change in the apparent specific heat when the temperature
increases from below melting temperature to the melting temperature. Therefore,
the fourth contribution is to introduce a loop inside the numerical model to
calculate the apparent specific heat according to the current time step. Then, the
results will be compared by calculating the apparent specific heat according to

the previous time step.

In addition, there is no study that investigates the impact of using the PCM on the
annual electrical output of PV panels in Baghdad or Milan. Therefore, the fifth

contribution of this study is to investigate the impact of a composite paraffin PCM
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on the annual electrical output of PV panels in Baghdad and Milan. In Baghdad,
observed data for solar radiation will be used. To complement this research, the
impact of different PCMs with different thicknesses on PV panel electrical output
will be investigated in Baghdad and Milan. This investigation will lead to the

identification of the best PCM with optimal thickness.

Finally, according to the literature review, increasing the number of fins inside the
PCM in the PV-PCM system leads to a reduction in the temperature of the PV
panel (these studies only last for several days). However, there is no study that
investigates the impact of using metal foam with different PCMs on the yearly
electrical output of the PV panel. Thus, the final contribution of this study is to
investigate the impact of using different aluminium foam percentages with
different PCMs and different thicknesses on the yearly electrical output of PV

panels in Baghdad and Milan.
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Chapter 3 Mathematical Models

3.1 Outline

This chapter presents the development of three mathematical models. Firstly, a
transient lumped model for the temperature of the stand-alone PV panel.
Secondly, a novel lumped-distributed parameter model for the Ilumped
temperatures of the PV panel and the aluminium walls of the container, and the
temperature distribution within the PCM for the combined PV-PCM system.
Finally, a 1D distributed parameter model of the temperature distributions
throughout the entire PV-PCM system. In the first model, perfect contact exists
between all the layers comprising the PV panel, and a thermal contact resistance
exists between the PV panel and the PCM container, with volume change occurs
during the solid/liquid phase change.

3.2 The PV panel stand-alone model

In order to predict the performance of the PV panel, the thermal analysis for the
PV panel requires acceptable assumptions. Figure 3-1 and Figure 3-2 depict the
heat transfer schematic diagrams for the PV panel, which are the foundations for

the one-dimensional models. The assumptions are:

1. According to the dimensions of PV panel from the figure 1, the areas of x-
y and y-z << the areas of x-z. Therefore, the heat losses from these sides
are very low and neglected. This assumption has been considered by
several researchers to simplify the modelling of a combined PV-PCM

system for example Brano et al. (2014) and Smith et al. (2014)
2. The heat transfer is only by conduction inside the PV panel.

3. One-dimensional heat transfer. The problem of PCM can be considered

one-dimensional as a result of:

e The heat transfer from the sides is neglected

e The heat transfer occurs by conduction only, and
e The symmetry of the PV panel.
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4.

5.

Therefore, heat transfer occurs in the orthogonal direction to the PV
panel surface only (x-direction) (Brano et al., 2014, Mahamudul et al.,
2016, Kibria et al., 2016), as illustrated in Figure 3-1 and Figure 3-2.

Heat generation occurs inside the PV cell.

In order to linearize the problem, the contributions from the free
convection and radiation heat transfer are non-linear and so free
convection and radiation heat transfer coefficients are used to keep the

overall set of equations linear (Sakin et al., 2009).

Figure 3-1: The PV panel with the dimensions are in mm.

q rad.

Electric output

Figure 3-2: The schematic diagram of the PV panel.
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Figure 3-2 is a schematic diagram of the PV panel and consists of five layers.
The first layer is glass with a thickness of 0.0032 m (x1). The second and fourth
layers are ethylene vinyl acetate [EVA] each of thickness 0.0005 m and
represented by (x2-x1) and (x4-x3), respectively. The third layer is the PV cell with
a thickness of 0.00025 m (xs-x3). The fifth layer is the Tedlar and is 0.0001 m
thick (xs-x4). T represents the temperature and the subscript a represents the
ambient. G denotes the solar radiation flux received by the PV panel; qconv

denotes the convection heat transfer and qrad represents the radiation to the sky.

For a one-dimensional representation of conductive heat flow in the x direction
within the PV panel for the glass, EVA and Tedlar layers, the Fourier equation

applies:-

c 0Ty _ asz 3-1
Pk Ly at M Gx2

for t>00<x<x,, x3 <x < xgandk =1,2,34, and where, T is the
temperature (°C), p is the density (kg m3), C is the specific heat capacity (J kg
K- and 24 is the thermal conductivity (W m K-1).

While, for the PV cell layer, the Poisson equation applies due to the heat

generation term:

aT, 92T, 32
ps C3 I A3 %2 + BpvG(1 —npy) /(x5 — Xx3)

for t >0andx, < x < x5, and where, fpy is the absorptivity of the PV panel for
the solar radiation and 7y is the efficiency of the PV cell. The 5,y is described in
Equ. 2-3.

The initial condition for the PV panel is:
At t<0,0<x<xgandk =1to5:

Te=Tm =T, 3-3

The boundary conditions for Equs. 3-1 and 3-2 are as follows:

Att>0&at x=0:
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dTy 3-4
Ag E = ha1 (Tq — Tilx=0) + hr2 (Tsky = Tylx=x0)
x=0
At t>0&at x=x,andk=1, 2, 3and 4:
) aﬂ = — _aTk+1 3-5
k ax - - k+1 a -
and
T, = Trysq 3-6
At t>0&at x =x5:
0Ts 3-7

Ata 0_ = hgy (T — TSlxs) + hyy (Tground — Tslxs)
Xy,

The substitution of the definition of the average temperature, Equ. 3-8 into the
distributed parameter Equs. 3-1 and 3-2 provides lumped (average or mean)

temperature values over the thickness of each layer.

Xk
_ 1
®)
T, = —— f T: (x,t)dx
k (ke — X—1) . /
k—1

For example, the following procedure is for Equ. 3-2 and the PV cell: (and the
same procedure applies for Equ. 3-1 and the other 4 layers):

X3 X3 X3 3-9
T, 92T,
ps Cs [ Sdx =2y [ S22 dxt [ BonG =)/ = 1)
X2 X2 X2

Rearrangement of the first two terms in Equ. 3-9 gives the following expression:

X3

X3 X3 3'10
9 9 (0T;
P3 C3§ f T3dx = 43 f _<_) dx + f BpvG(1 —1npy)/(x3 — x3)dx
X2 X2

Ox \ 0x

X2
Completion of the integrands and substituting Equ. 3-8 into the first term provides

the next equation:
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T3 3-11

| B G =m0y,

dT,

Ca(xz — X)) — =
p3 C3(x3 — x3) dt 3

X2

The use of the boundary condition Equ. 3-5 in Equ. 3-11 provides the following
expression for the PV cell:

3-12

dTy _ (, 9T, aT,
dt 4

p3 C3(x3 —x3) —— = %xs_lzaxz

) + BpvG(1 —1npy)

Application of this procedure to the other layers of the PV panel provides the

following expressions:

For the glass layer:

dT, _ _ oT, 3-13
p1 €y x4 P hgy (Tq — T1) + hrZ(Tsky - T+, WLZ
For the first EVA layer:
dTZ aT3 aT1 3'14
p2 Co(x; — XI)E = </13E . My xl)
For the second EVA layer:
dT4 6T5 6T3 3'15
pa Ca(xy — x3)E = </15§ . ~ 35 x3>
For the final Tedlar layer:
aT, 3-16

dT, _ _
Ps CS(XS - X4)— = haz (Ta - TS) + hrZ(Tground - TS) - /14_
dt 0x Iy,

The assumption of intimate contact between the layers, Equ. 3.6, means that a
single lumped temperature, Ty, represents the PV panel. The summation of the
Equs. 3-12 to 3-16 and the use of Equs. 3-5 and 3-4 provides an expression for
the response of this lumped temperature of the PV panel as follows:

= —[ha1 +hax + Ay + hrl]TPVL + ha1Ta + heoTy
+ hrlTsky + hrzTground + BPV G[l - nPV]
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3.3 The combined lumped - distributed parameter model of a
combined PV-PCM system

Figure 3.3 is a schematic in the x-direction through a PV panel attached to an
aluminium container filled with a PCM material. The dimensions and layers of the
PV panel are identical to those detailed in Section 3.2. There are three additional
layers in the combined system. The sixth and eighth layers are the aluminium
container walls each with a thickness of 0.002 m and, correspondingly (Xs-xs) and
(xs-x7).The seventh layer is the PCM of thickness 0.03 m (x7-xs). This PVM in this
layer will change phase depending upon the day or night operation of the
combined system. A contact resistance exists between the Tedlar layer and the
upper aluminium wall of the container. All the interfaces within the aluminium

container are in intimate contact.

q rad.

U Electric outp
v

+—X= 0
xX=x1
EVA = xa
X=X3

td > «— X= X4
Al —» CX= X5
X= X6

Liquid PCM T

Mushy zone

+—x= x(t)

Al <« X= X7

,"\ \ “~ x=xs

q conv.

Ta rad.

Figure 3-3: The schematic diagram of the combined PV-PCM system

The development of this model assumes a combination of lumped temperature
relationships for all the layers except the PCM layer, which is a distributed

parameter representation. This development is to reduce the computer time for
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the assessment for a whole year simulation. The main assumptions for this model

include the assumptions in section 3.2 and the following for the PCM:

1-

2-

The PCM is homogeneous (Brano et al., 2014, Kibria et al., 2016).

The specific thermo-physical properties of the molten and solid phases are
independent of temperature (constant). This approximation is not far from
reality, because the temperatures will not change greatly in each phase.
The solid phase has different thermo-physical properties than the liquid
phase. This hypothesis has been implemented by Smith and Forester
(Smith et al., 2014) and (Brano et al., 2014). However, several papers (e.g.
Kibria et al. (2016)) have considered also that the thermo-physical

properties are constant for both phases.

The heat transfer is only by conduction inside the PCM. This hypothesis is
a result of low natural convection within the molten PCM compared with
heat transfer by conduction. This hypothesis can be assessed by the
Peclet number Incropera and De Witt (2005), which represents the ratio of
heat transfer by convection over the heat transfer by conduction (Holman,
2002). Several papers have neglected the effect of the natural convection
inside the PCM to simplify the modelling (Malvi et al., 2011); (Brano et al.,
2014); (Mahamudul et al., 2016); (Kibria et al., 2016).

The heat capacity method represents the latent heat effect caused by the
phase change within the PCM (Poirier and Salcudean, 1988). This method
assumes that during the phase change, the specific heat capacity equals
the summation of the latent heat divided by the melting temperature range
and specific heat capacity of the PCM. The melting occurs over a
temperature range, called the mushy zone as illustrated in figure 2, which
in this study is 2 °C.

A contact resistance exists between the PV panel and the top surface of
the aluminium container — layers 5 and 6 and the following boundary
condition applies:

aTs _ (TS - T6) 6T6 3'18

Atx =5 —Ag— =
° ox x=5 Rs.6 0x ly=6
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where Rs_s = (Axgap)/A4ap is the reciprocal of the conductive heat transfer
coefficient heona between the two layers. The lumped expression for the Tedlar

layer Equ. 3.16 now becomes:

T, 3-19

dT, o
ps Cs(xs — x4) e heonas—e (Ts — Te) — ME .

The response of the lumped temperature of the PV panel is now

j=5 d Ty, 3-20

= —[ha1 +hex + hcond5—>6]TPVL + hgr + hrlTsky

+ heonas—eTs + Bev G[1 — py]

The response of the lumped temperatures of the walls of the aluminium container
are as follows: for the upper wall:

dT, _ _ oT, 3-21
pe Co(x7 — x4) - heonas—e (Ts — Tg) — A5 oxl, .
and for the lower surface:
dTg oT, _ _ 3-22
Ps C8(x8 - x7) — = A= + hg, (Ta - TS) + hy, (Tground - TB)
dt 0x =

The Fourier equation represents the temperature distribution within the PCM

(layer 7 in figure 3.3) fort > 0,x, < x < x5

aT, 62T7 3-23
P7 C7E = Ay 9x2

The boundary values for Equ. 3-23 with intimate contact between the interfaces

between the aluminium walls and the PCM are as follows:

At X = Xg
_ _ d7_’6 aT, _ 3-24
heonas—e (Ts — Tg) — pe Ce(x7 — x¢) prak —176_ and Tg = Ty
X xX=6
and at x = xy
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T dT,
~4, 7 dts

+ hyp (Tground - TB) and T; = TB

0x ly=7

= pg Cg(xg — x7) ——+ hgy (T, — Tg)

3-25

The thermo-physical properties of the PCM depend on the temperature of the

PCM at positions within the layer and whether the phase is a solid a liquid or the

phase change is taking place as:

For solid phase:

If T7x < Teiting

C7 = Cpcm-sotia »P7 = PpcM-solid » A7 = Apcm-solid
For the liquid phase:

If T7x > Tiiquia

C; = Cpem-tiquidr P7 = PpcM-tiquidr A7 = ApcM—-tiquid
For the transient between solid and liquid:

If Toetting < Trx < Tiiquia

C, = (Tliquid - Tmelting)CPCM—solid + Latent heat
y =

(Tliquid - Tmelting)

P7 = Ppcm-solidr A7 = ApcM—solid

The initial condition for the PV-PCM model is:

Att<0 and for 0 < k< 8, Tyo1t08= T4

3-26

3-27

3-28

3-29

3.3 Aone dimensional distributed parameter model a PV-PCM

The final mathematical model of a PV-PCM is a one dimensional distributed

parameter representation. The equations in the previous two sections provide the

description as follows:

The Fourier Equ. 3.1 represents the temperature distribution in all the layers in

Figure 3.3 except for the PV layer, where the Poisson Equ. 3.2 applies.
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The Equ. 3.4 applies at the top surface of the PV.

Intimate contact occurs between all interface within the system and equs 3.5 and
3.6 apply.

However, Equ. 3.18 represents the contact resistance between the base of the
PV and the aluminium container.

Equs. 3.27, 3.28 and 3.29 represent the PCM.

The complete mathematical representation requires the boundary condition on

the base of the aluminium container and this is:

9T, 3-30

W = haz (Ta - T8|x8) + hrz (Tground - T8|x8)
Xg

The initial condition for this model is Equ. 3.30.

Ag

3.4 Summary

This chapter introduces three mathematical models: firstly, a model to predict the
transient average lumped temperature of the PV panel stand alone, secondly, a
lumped-distributed parameter representation of the PV-PCM system and finally,
a complete distributed parameter model for the PV-PCM module. The second
and third models have a thermal contact resistance between the PV panel and
the container housing the PCM, otherwise all interfaces are in intimate contact.
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Chapter Four Discretization and Stability Analysis

4.1 Introduction

This chapter introduces the space and the time discretization for the three
mathematical models. These models are the PV stand alone, the lumped-
distributed model and the distributed model. Then, investigations have

implemented for the stability of these three models.

4.2 The discretization

The finite difference method can be used to make the space discretization by

using central node:

o T v
ox i+1/2 Ax
o T T e
0xli_1/ - Ax
o or 4-3
92T N dx i+% 0x i—% T+ Tig — 2T,
0x2 ; Ax (Ax)z

where, i refer to the space node, the derivative is represented by the average
approximately. Similarly, by using the time discretisation depending on the
explicit and implicit methods:-
oT| _ Tijr1— Tij 4-4
atl;, At

For the explicit method Equ. 3-1 will be:
6=20

CBT 0%T
p —

| 1 4-5
ot ij B axz

For the implicit method Equ. 3-1 will be:
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c aT 0%T 4-6
pL = = A7
ot i+1,j axz i1,
Consequently, these Equs. 4-5 and 4-6 will be:
Tijya—Tyy 1 2 4-7
T At pCx)? [ O[T(i-1, j+1) — 2TG, j+») + Ta+r, j4n)

+ (L= O|Ta-1, p — 2T j + Taws, ,-)]]
Where,j represents the instance time step, 6 is different for each time

discretization scheme and it equals to 0 and 1 for explicit and implicit method

respectively as illustrated in Figure 4-1.

Ly
Tidy,j41 Tij+1 Tith,j+1
Ti Ty ; Ti41,)
At
Ax
«—

o
I X

t=0 >

Figure 4-1: the time and space discretization
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First material Second malterial

A ¥y M
int-2 int-1 int+1
|

Figure 4-2: The one dimensional interface between two materials with different

mesh size.

While, Figure 4-2 is the schematic of the one dimensional interface point between
two different materials with non-uniform mesh distance. The subscribe int
represents the interface point between two materials such as the glass and the
EVA, the subscribe int — 1 represents the first solid material like the glass and
the subscribe int+1 represents the second solid material like the EVA.
Equs. 4-5 and 4-6 will be:

AXinetl Axinetl 4-8
C J‘ aTint dx = A f i (aTint> dx
pmt int at int ax ax
AXint—l Axint_l
where:
Pint = (AXine—1 * Pint — 1 + DXinerq1 * pine + 1)/ (BXine—1 + AXipri1) 4-9

Coine =  (CDint—1 * DXint—1 * Pint — 1 + CDints1 * DXint41 * Pine + 1)/Pine ¥ 4-10
(Axint—l + AXintf+1)

Aint = (CPint—1 * DXine—1 * Pint * Aint—1 + CPint+1 * DXintr1 * Pint * Aine+1)/ 4-11

Pint * (DXine—1 + DXineyq)

Then, Equ. 4-8 will be:

5 Axipe+1 aTint x= Axpp+1 4-12
Pint Cint == f Tipedx = A
at 0x x=Axint—1
Axint_l int
-2 aTint aTint
- int+1 ~ 5. int-1~ 5.
0x x=(AXxint+1) 0x x=(Axint-1)
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Then, this equation will be:

OT;ns 4-13
(Axing-1 + DxXine+1) Pine Cine _altn =
aTint aTiTlt
= A —_— — Ainte1——
int+1 0x Ny nt-1 0x X=AXint—1

The time discretization depending on the explicit and implicit methods can be

written as:
(Axint—1 + AxXint+1)Pine Cint Tt j+1)At_ T, 414
=201
—0) [ A ;:Z:_-l-ll (Taness, j» — Tane, j)
+ AAZ;:I (Tane-1, p = Tame, ,-))]
+ 26 [ Zr:; (Tanes, j+1 — Tant, j+1)
+A/1:;__11 (T(int—l, j+1) — Tnt, j+1))]
Then, it will be:
Tint, j+1) = Tune, j 4-15
2At A
(Axing-1 + DxXint+1) Pine Cint {9 A;:r:; (T(intﬂ' D
— Tint, j+1)) + A}Zl; : (Tane-1, j+1 — Teint, ]+1))]
+(1-6) [ ”::1 (Tiinesn, » ~ Tant, j))
+ A);:::t 11 (T(mt 1, )~ Tne, 1))]}

Kladisios and Steggou-Sagia (2015) has used almost same Equ. 4-15 when 6 =
1. However, He has not used the 4;,,; correctly, where, he used only A,,; without
separation for each location: before and after the interface. The discretization will

be applied for the three mathematical models in chapter three:
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4.2.1 The discretization for the PV panel stand-alone lumped model

For the PV panel stand-alone lumped model Equ. 3-17 with explicit time

discretization will be:

4-16

Tpya = Tpy1 + * [=[ha1 + hay + hpq + hyey]Tpys + R T,

Ppy Cpy Xs

+ haZTa + hrlTsky + hrzTground + ﬁPV G[1 - nPV]]

4.2.2 The discretization for the combined lumped-numerical model
of the PV-PCM module

By applying Equ. 3-18 in Equ. 3-20 with time discretization, Equ. 3-20 will be:

At

TPVL(j+1) = Tpyr(j) + [ha (Ta — Tpyilx=0) + hr—PVL(Tsky - Al

ppvL CpvLAxpyy

T Ix -T IX
TPVle:O) + BpyG(1 —1npy) — (%)]

According to the heat capacity method for phase change situations, the specific
heat capacity of the PCM during melting temperature range will equal to
summation of the latent heat divided by the melting temperature range, then this
value will be added to specific heat capacity of the PCM. Equ. 3-23 will be solved

numerically by the finite difference relationship as:

TPCM(i,j+1) - TPCM(i,j) 4-18
= a1 [ 01 Tremei-1,j+1) — 2T j+1) + T j+1)]
pC (Ax)z ) /] J
+ (1= O)|Ta-1,jy — 2T, + T(i+1,j)]]
where the subscripts j and i represent a grid point in time and space, At and Ax
are time and length steps respectively and 6 =0 results in an explicit technique.
Implicit techniques are obtained if the 8 = 1 which is the fully implicit backward

difference (FIB) scheme. The FIB scheme is used in this solution.

Equ. 4-18 will be used and the thermos-physical properties can be described

depending on the temperature of the PCM as:

For solid phase:
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If T, j+6) < Tmeiting 4-19
Cocm = Cpem—sotia » Precm = PpeM-sotid » Apcm = ApcM-solia
For the liquid phase:

If T, j+6) > Tsowaification 4-20
Cpem = Cpem—tiquidar Prcm = PpcM-liquid Apem = APCM—liquid

For the transient between solid and liquid:

If Tomeiting < T(i, j+6) =< Tsotaification 4-21

(Tsoldification - melting)CPCM—solid + Latent heat

(Tsoldification - Tmelting)

Cpem =

Ppcu = Ppcm-solidr Apcm = ApcM-solid
This solution will consider that the aluminium container is flexible and the width
of the PCM is variable depending on the different densities of the solid and liquid
phases of the PCM. Firstly, when the PCM is solid the density is p; and the PCM
increments width is assumed Axpqp—s. Secondly, according to the mass balance,

the width of the liquid PCM increments will be calculated as flow:-

pL * Axpey—p * area = ps * Axpcy_s * area 4-22

Therefore:
Axpem-1 = Ps * Dxpem-s/pL 4-23

However, for the first node of the PCM, a fictitious temperature will be appeared
which is Tpey(-1, m+1) - TO €eliminate this fictitious temperature, the boundary
condition from the Equs. 3-18 and 3-19 with Equ. 3-21 will be applied in Equ. 4-18,

the result will be:
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Tecm(o, m+1) 4-24

= TPCM(O m)

At Apcm l 2Axpcmpar Car (X6 — Xs) (TPCM(O,j+1) - TPCM(O,j))
pecum Cpem (Bx)? Apcm At

20%pemhconas—s ( Tevigi+r) — Trem(o,j+1))

7 — 2Tpcm(o,j+1)
PCM

+ 2TPCM(1,j+1)l

Also, the last node of the PCM has a fictitious temperature will be appeared which
is Tpem(7+1, j+1) - 10 €liminate this fictitious temperature, the boundary condition

from the Equ. 3-24 with Equ. 3-25 will be applied in Equ.4-18, the result will be:

Trem@, m+1) 4-25

= TPCM(i,m)

n At Apcm [ 2AxpempPar Car (X — X5) (TPCM(i,j+1) - TPCM(i,j))

prcm Cpem (AX)? Apcm At

_ 2Axpeyha (Ta = Tremqij+1) _ 20xpemhr—as (Tgrouna — Tremqij+1))

APCM APCM

— 2Tpem@j+1) T 2TPCM(i—1,j+1)l

4.2.3 The discretization for the distributed model for the PV-PCM

module

By using the space and time discretisation depending on the explicit and implicit
methods Equs. 3-1 and 3-2will be:

[Tk, j+0=TgG, Hl _ Ak

4-26
Pr C v = a2 [ O[Tiii—1, j+v) = 2Tki, j+1) + T, j+] +

(1 - 9)[Tk(i—1, DI 2Tg(i, 1)) + Tk(i+1, j)]] '|'.3PVG(1 - nPV)]forx3—x2 only
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Where k is for the layers 1, 2, 3, 4, 5 and 7. Equ. 4-26 will applied for the internal

nodes for these layers.

For x=0, which means i=0 (the first node), Equ. 4-26 will be:

[Ty, j+1 — Tgo, ] 4-27

Pg Ly At

_ Y
 (Ax)?

+ (L= O|Ty-1, p—2Tyq, jy + Tyaen, ,-)]]

[H[Tg(—l, 40 — 2Ty, jany + Tyaen, jan)

Equ. 4-27 has a fictitious temperature (Ty (-4, j)). In order to eliminate this fictitious
temperature, the boundary condition from Equ. 3-4 will be used after time

discretization. The boundary condition will be:

Att>0& x=0:

g Pt j+9)2_Azg(_1’ o = hq [Tac, j+6) ~ Ty, j+9)] 428
+hr (T = Tyl )
Then, this equation will be :-
2Axh, 4-29

[Tao, j+6) = Tyco, j+0)] + Ty, j+o)

T . =
g(=1, j+6)
Ag

i,

In order to eliminate the fictitious temperature (Ty—4, j), the Equ. 4-29 will be

inserted in Equ. 4-27:
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[Ty, j+1) — Tg0, p] 4-30
At

Py Cq

Ag | 2Axh,
Bx)? l—/lg [Taco, j+1 = Tgco, j+1]

+

2Ax hyq
g ( sky — Ty|x=0) +Toa, j+1) — 2Tg0, j+1)
+ Tg(l, j+1)l + (1

2Axh,
7 Tawo, = To0, pl

—6)

(AX)Z

- T

20x h,q
+ ( sky g|x=0) tToa, »p —2T40, p + Ty, p

Ag
Then, this equation will be:-

4-31

_ At Ag | 2Axh
Ty, j+1) = Tgo, p+ € [ s

pa o G0Z | 7, [Taco, j+1 = Tyo, j+n] +

2Ax hy
24 - (Tsky - Tglxzo) + Ty, j+ — 2Tg0, j+u +Tga, j+1)] +(1-

At Ag | 2Axh,
9 pg Cg (Ax)z[ Ag [Ta(OJ »~ Ty, J)] T

= hrl (Tsky - Tg|x=0) t T, j —

2Tg0, ) + T j)]
At t>0& x=1,2,3and4, for the intimate contact Equ. 4-15 will be used.

At t>0 & x =5, by applying of Equ. 3-21 with boundary conditions of
Equs. 3-6 and 3-18 with lumped expression from Equ. 3-8 for the aluminium in
Equ. 4-26, the equation for the last node of the tedler will be:

Tiai, j+1) = Traq, 4-32

Pta Cra (Ax)? td(i-1, j+1) = ftd(, j+1)

Tpemeo, j+1)-Ttad, j+1)
+ (1 = 0|Teai-1, j — Traq, f)]] + 0 Pea CeaDXRiq_a;

Tecmeo, j+1)-Ttad, j+1)
+(1-0)
Pta CralXRiq_a
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The temperature of the aluminium layer is same as the temperature of the first

node of the PCM and the boundary condition is:

Trcmeo,j+1) — Trem(o,j) 4-33
At

par Car (xg — xs5)

B (Ttens,j+6) — Trcm(o,j+6))

R te—AL

(Tocmerjrey — Tremi-1,j+6))
2Axpcy

+ Apcm

For the first node of the PCM, a fictitious temperature will be appeared which is
Tpem(-1, m+1) - 1O eliminate this fictitious temperature, the boundary condition
from the Equs. 3-6 and 3-18 with Equs 3-8 and 3-21 will be applied in Equ. 4-18,

the result will be:

TPCM(O, j+1) 4-34
= TPCM(O,j)
n At Apcm _ 28xpcmpPar Car (X6 — x5) (Teemo,j+1) — Tremo, )
pecm Cpem (BX)? Apcm At

20%pen( Ttens,j+1) — TPCM(O,j+1))

TR — 2Tpcmo, j+1) T 2Tpcm(, j+1)
pcMBta-aL

Equ. 4-34 is for implicit, while for the explicit it will be:

- T At ApcMm ZAxPCM(Tte(ns,j)_TPCM(O,j)) 4-35
pcm(o, j+1) = Tpcm(oj) T B

ppcm Cpem (Bx)? ApcMRtd-AL

J(1+ 2+ paL Car (xg—xs)

2Tpemeo, j) T+ 2Tpemq, j)]

ppcm CpemBxpem

For x = x, , for the interface between the PCM and aluminium, if Equ. 4-18 be

used, a fictitious temperature (Tpcum(+1,j+1)) Will be appeared. In order to eliminate

this fictitious temperature, Equs. 3-6, 3-8, and 3-25 will be used to be:
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TPCM(n,j+1) - TPCM(n,J') 4-36

At

par Cay (xg — x7) = h, (Ta - TPCMn,j+1)

+ hrad (Tground - TPCMn,j+1)

( TPCM(n+1,j+1) - TPCM(n—l,j+1))
ZAxPCM

+ Apcm

By substituting Equ.4-36 in Equ. 4-18, the fictitious temperature will be eliminated.

Tecmm, j+1) 4-37

= TPCM(n i)

Apcm l 20xpcmpar Car, (X6 — Xs) (TPCM(n,j+1) - TPCM(n,j))
Ppcm CPCM (Ax)? Apcm At

20xpcphg (Ta - TPCMn,j+1) _ 2AxPCMEg 0hraq (Tground - TPCMn,j+1)

APCM APCM

— 2Tpcmun, j+1) T 2Tpcmn-1, j+1)l

Equ. 4-37 is for implicit, while for the explicit it will be:

Tocmum, j+1) = Tecmm,)) 4-38

At Apcm l 20xpcmhg (Ta - TPCMn,j)
prcm Cpem (Bx)?

+
APCM

ZAXPCM‘&-g O-hrad (Tground - TPCMn,j)

PCM

par Cay (xg — x7)

Prcm CremBXpey

+ 2Tpcm(n-1, j)l /(L + 2%
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4.3 Data and correlations required for use in the model

The ambient temperature (T,) is a function of the time, while, T, is a function

of T, and it can be calculated by the flowing equation:

Tsky = 0.0552 T3 4-39
h, = (ng + Tskyz) * (Tg + Tsky) 4-40
In addition, the h, is a function of the T,, and it can be calculated depending on
the free and forced convection as flow:
hy, = [hfree3 + hforce3]1/3 4-41

where, the free convection for the horizontal plate (the top is the hot side) can
be modelled as (Incropera and De Witt, 2005):

A 1 4-42
Rfree = 0'54ZRaL/4 for 10* < Ra, < 107
A 1/ 7 11 4-43
Rfree = O.15ZRaL for 10" < Ra; < 10
9B(Tpy, — T)L? 4-44
RCLL =

va
A 4-45

L=4—

P

where, Ra is the Rayleigh number, 4 is the thermal conductivity (WmK?) of the
air,  denotes the volumetric expansion coefficient (1/T(K)) of the air, v is the
kinetic viscosity and «a is the thermal diffusivity for the air. All these air properties
are calculated at the film temperature which is:
Tfitm = %(TPVL + To) 4-46
On the other hand, if the hot surface is the lowest, the free convection for the

horizontal plate will be:

/s 4-47

A 1
Rfree = 0.27ZRaL for 10° < Ra, < 10%°
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The forced convection for the laminar and isothermal flow depends on the wind

speed (uy), and it can be accounted by the flowing equations:

A1 4-48
Reorce = 0.664ZReL/2Pr1/3 for Pr > 0.6& Re <5 x10°
where, Re and Pr numbers can be calculated by:
Re = Yoo L 4-49
%
pr=" 4-50
a

4.4 Stability analysis of numerical solutions

Stability means that the numerical solution approaches the exact solution
(Incropera and De Witt, 2005). According to the time and space discretization for

the Equ. 4-7 and after rearrange it, it will be:

At A

4-51
Tij1 =Tij + °C (Ax)2 [ O[T-1, jev = 2T, jev + Tasr, 4]

+ (L= O|Ta-1, p — 2T j + Taw, ,-)]]
where, 6 is different for each numerical methods and it equals to 0 and 1 for the
explicit and implicit respectively. This Equ. 4-51 represents the heat transfer
through the wall and the stability of the solution for this equation can be assessed
by using Von Neumann’s method (Smith, 1985), where, this method is

mathematically rigours (Tanimoto, 2014).
In order to apply Von Neumann’s method, each T; ;, will be represented by:

Tpv(i, H = eIBiAxeajAt — eIBiAxEj 4-52

where, I represents the imaginary value which equals to ¥—1 , 8 = n=. In order
to achieve the stability of the solution, one condition should be achieved which is
€] < 1.
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4.4.1 The stability analysis of the Implicit by Von Neumann’s
method

After inserting Equ. 4-52 in Equ. 4-51 and 6 =1 for the implicit method, it will be:

eIBiAx€j+1 — elﬁiAxs;j 4-53
At Apy [ezﬁi(Ax—1)Ej+1 _ Zezﬁmxfjﬂ
ppv Cpy (Ax)?

+ eIBi(Ax+1)€j+1]

_.|_

By dividing Equ. 4-53 by e!f4xgi it will be:

Mathematically, cosfi = e~'#t + !B, therefore , this equation will be:

At A . . 4-54
$= I ppv Cpy (A;‘Sz f[e"ﬁ‘ met e’ﬁl]
At A 4-55
E=1+ il &[2cospi — 2]

prv Cpy (Ax)?

Mathematically, sin? gi = 1/2 - 1/2 cos 2f3i, therefore, this equation will be:

N R ! 456
e e

It will be :

1 4-57

§ = .
At Apy [.. ,Pi
1+ 4PPV Cpy (Ax)? [sm /2]

At Apy
ppy Cpy (Ax)?

For stability, |£] < 1, which is so for any positive value of . Therefore,

the implicit numerical solution is stable for any time step interval.
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4.4.2 The stability analysis of the explicit solution by Von

Neumann’s method

After insert Equ.4-52 in Equ. 4-51 and 6 =0 for the explicit method, the equation

will be:
eI,b’iAxfj+1 — eIﬁiAx%'j
At A
+ S
ppy Cpy (Ax)

Divide Equ. 4-58 by e!Pi4xgJ it will be:

ppv Cpy (Ax)?

=1+

Mathematically, 2 cosfBi = e~ Ft + e!Ft, therefore , this equation will be:

At Apy .
E=1+ oo Coy (B1)2 [2cosBi — 2]
Equ. 4-60 will be:
A
E=1-2 il [1 — cospi]

pev Cpy (Ax)?

The worst case when i = r, then the equation will be:

ppv Cpy (Ax)?
Therefore, the stability condition is to achieve|é| < 1,

E=1-4

prv Cpy (Ax)2 ™ 2

[elﬁi(Ax—l)Ej — 2elBibxg) 4 elﬁi(Ax+1)€j]

[e~1Pt — 2 + e!P]

4-58

4-59

4-60

4-61

4-62

4-63

Conclusion: the above condition should be achieved to get stable result for the

explicit numerical solution. Hence this condition agreed with (Smith, 1985).
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4.5 The stability analysis of the combined lumped-numerical
model of the PV-PCM system

The stability of the solution for the Equ. 4-17 can be assessed by using Von
Neumann’s method (Smith, 1985), where, this method is mathematically rigours
(Tanimoto, 2014).

In order to apply Von Neumann's method, each Tpy, ;) represent will

represented by:

T(i H= eIﬁiAxeajAt — eIﬁiAxs;j 4-64
here, I represents the imaginary value which equals to /1, 8 = nz. In order to

achieve the stability of the solution, one condition should be achieved which is
1§l < 1.

The stability checking procedure for the Equ. 4-17.

eI,BL'AxEj+1 _ eIBiAxS;j 4-65
At -
— ha (elﬁiAx—lfj _ elﬁiAxgj) + hrad (eIBiAx—lfj _ eIBiAxgj)
(eIBiAxfj _ eIﬁiAx+1€j)

prvi Cevr (XpyL)

R + Bpy G(1 —1npy)
PVL-AL

By dividing Equ. 4-65 by e!fiAx¢gJ

§—1 4-66

C R
prvL Cevi (xpyL) At

( 1— eI[)’iAx)

= hy (7P — 1) + €, Ohygq (7P — 1) —
Rpyi-aL

+ Bpy G(1 - 77PV)/ elﬁmxfj

The stability checking procedure for the Equ. 4-24, will be:
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eI[)’iAszj+1 4-67

— lBibxg)
n At Apcm 20xpeypar Car (X6 — X5) (elﬁmx'fjﬂ - ewmxfj)
prcm Cpem (Ax)? Apcm At

ZAxPCM( elBibx=1gj+1 _ eIBiAx€j+1)

APCMth—AL

_ ZelﬁiAxs;j+1 + 26,1,81'Ax+1§j+1

Divide Equ. 4-67 by e!P¥xg) it will be:

o &—-1 o 4-68
eIBlegJ (pPVL Covi, (xPVL)T — hq (e 1Bt — 1)
' ( 1— 1,81)
— €9 Ohyqq (e_lﬁl— ) R—> = Bpy G(1 —7py)
PVL-AL

By taking Ln for both sided of Equ. 4-68, it will be:

4-69
=14 At Apcm _ 28xpcmpPar Car (x6 —x5) (§— 1)
prcm Cpem (Ax)? Apcm At
20x e~1BirE — .
PCM( E E) —2€+2§T€Iﬁl
ApcmRea-aL
Then Equ. 4-69 will be:
F=1+ 2 Axpeypar Car (X6 — X5) 4-70
Ppcm Cpem Axpem

+¢

At Apcm [ 2AxpcmpPar Car (X — X5)
prcm Cpem (Ax)? ApcmAt

ZAxPCM( e —Ipia _

-2+ 2e’ﬂll
APCMth—AL

Then Equ. 4-70 will be:
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4-71
At Apcm _ 2Axpcmpar Car, (X6 — X5)

prcm Cpem (Ax)? ApcmAt

&

20xpey (e7FA — 1)

— 2+ 2e!A
ApcmRea-aL
—14 2 Axpeypar, Car (X6 — X5)
Prcm Crem Axpey
Then Equ. 4-71 will be:
2 Axpeypar Car (X6 — Xs) 4-72
E=1+
prcm Crem Axpcy
/11
_ At Apcm || 28%pcmpPar Car (x6 — Xs5)
prcm Cpem (Bx)? ApcmAt
2Ax e~1hi8 — 1 .
)
ApcmRea-aL
Then Equ. 4-72 will be:
2 Axpempar, Car (X6 — Xs) 4-73
E=1+
Prcm Cpem Axpeym
/11
_ At Apcm [_ 2Axpeypar, Car, (X6 — Xs)
prcum Crem (Bx)? ApcuAt
2Ax e~ 1Pt —q .
pou( )—2+24ml
ApcmRea-aL
Where:
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et = cosf +isinp 4-74

By subtitling Equ. 4-74 in Equ. 4-73, Equ. 4-73 will be:

F=1+ 2 par Car, (X — Xs5) 4-75
Prcm Crem Axpcm
/11

_ At Apcm l_ 20xpcmpar Car (X6 — Xs)
prcm Cpem (Ax)? ApcmAt

N 2Axpcy (cosIf — isinIB — 1)

— 2+ 2(cosl
ApcmRea-aL ( g
+ isinlﬁ)”
By applying f = 0, Equ. 4-75 will be:
Cyy (xg — x 4-76
£=[1+ par Car (X6 5)]
Pprcm Crem Axpcm

/|1

_ At Apcm I_ 20xpempar Car, (X — X5)
prcm Cpey (Ax)? i ApcuAt

4Axpcy 4-
ApcmRea-aL

The stability condition that should be achieved is |¢| < 1. Therefore, absolute

results of the right side of Equ. 4-76 should be less than 1.
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Chapter Five Mathematical Models Results

5.1 Introduction

This chapter presents the results of the mathematical models, including the
validation work for the implicit and explicit solution methods for the distributed
parameter model and implicit solution for the lumped- distributed parameter
model for the PV-PCM module and for the stand-alone PV panel. In addition, the
impact of different thermal contact conductance will be investigated. Moreover,
the impact of the volume change during the phase change will be studied. Finally,
a comparison of the time consumption of the explicit and implicit methods of the
PV-PCM module will be illustrated.

5.2 The validation work for the implicit numerical method for
the PV-PCM module

In order to validate the results of the implicit numerical method for the PV-PCM
systems, MATLAB algorithms have been built to implement the solutions of the

heat transfer equations which have been described in the chapter 4.

5.2.1 The inputs

The thermos-physical properties of the PCM and each layer of the PV panel from
the table 3 and table 4 respectively have been introduced to the program. In
addition the solar radiation intensity, the wind speed and the ambient temperature
data have been imported to the program. Moreover, the dimensions of the PV
panel, the thickness of each PV panel layer have been given. Furthermore, the
whole time that need to analysis the PV-PCM system, the time step and the

number of the nodes in PCM layer should be given.

5.2.2 The calculation procedure

The calculation procedure has been illustrated in the Figure 5-2. Once the input
data is imported, the time step loop will start, then Tglass will equal the

temperature of the first point of the glass for the previous time step. The standard
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temperatures Tstd(, for the each node of the PCM will equal their temperatures
from the previous time step. After that, H loop will start. In H loop, the radiation
heat transfer coefficient and convection heat transfer coefficient will be calculated
according to the Equs. 4-40 and 4-41 respectively. These calculations depend on
the Tglass. The apparent heat capacity of the each PCM nodes be calculated from
the Equs 3-26, 3-27 and 3-28 depending on the Tstd ;).

After that, according to the FIB method, the coefficients of the temperatures at
the present time step will be calculated for each node according to the
Equs. 4-15, 4-26, 4-31, 4-33, 4-35 and 4-38. For each time step, these equations
will be arranged as:

ATi-1, j+1) BTy je) + CT4r, j4y = D o-1

Where, these coefficients A, B, C and D change for each node. Therefore they

will be arranged in matrices as :

i [Bi G [N Y
i+ 1|Ai+1Bi+1Ci4q ||T(i+1’ j+1)| | Dz |
I 1= |

l J| | | |

n AnBy lT(n, j+1) | anJ

Figure 5-1 : the matrices of the temperature coefficients

Once arranged this matrix, it will be solved to find the temperature for each
internal node at the present time step. Then the K loop will start. After that, for
each node of the PCM, the temperature of the current time step will be compared
with the standard temperature for each node. This comparison of each
temperature of node will produce one of five cases. Firstly, the standard
temperature is less than the melting temperature and the temperature of the
current time step is more than or equal the melting temperature. Secondly, the
standard temperature is more than the liquid temperature and the current time
step temperature is less than the liquid temperature. For these two cases, the
Cpcm  will be recalculated depending on the Equ 3-28 and the temperature
coefficients will be recalculated. Thirdly, the standard temperature is more than
or equal the melting temperature and the temperature of the current time step is
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less than the melting temperature. For this case, the Crcm  Will be recalculated
depending on the Equ and 3-26 the temperature coefficients will be recalculated.
Fourthly, the standard temperature is less than or equal to the liquid temperature
and the current time step temperature is more than the liquid temperature. For
this case, the Crcm  Will be recalculated depending on the Equ 3-27 and the
temperature coefficients will be recalculated. Finally, if these four cases have not
been achieved by any PCM node, no change will be applied for the Cpcwm for this

node.

After calculating the new Cpcm and temperature coefficient for each node, the
temperatures of the current time step will be saved as standard temperatures.
Then, new temperatures for the current time step will calculated for each PCM
nodes, depending on the these new Cpcm values and temperature coefficients
for each node. Then, the temperature of the current time step will be compared
with the standard temperature for each node. If the differences of these
comparisons for any node is more than the accepted error, the K loop will be
repeated. However, if the differences of these comparisons for all node are less
than the accepted error or loop iteration finished, the K loop is finished. The loop

iteration has been taken as 50 and the accepted error as 10°.

Then, the Tglass will be compared with temperature of the first node of the glass
for the current time step. If the difference of this comparison is more than the
accepted error, Tglass will be updated to be equal to the temperature of the current
time step and the H loop will be repeated. However, if the difference is less than
the accepted error or loop iteration finished, the software will move to the next
time step. The loop iteration has been taken as 100 and the accepted error as
10 as described in the Figure 5-2.
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Input: 1.Initial Temperatures.
2.Thermal properties of the air, PCM, AL, EVA, tedlar and the glass. Tables 2.
3.Latent of the PCM.
4.Wind speed, solar radiation, ambient temperature and PV efficiency.
5.Time, time steps and space nodes.

>
| The standard temperatures Tstpi = The temperature of the previous time step Ty |
z
hh=0

hh =hh +1

Calculate h conv,.hrad ..4-40 and 4-41 depending on Tglass
Nz

>
Calculate Cpewm , If Tstoi) <Tmetiing Us€ Equ 3-26,
If Tstom > Tiiqud Use Equ 3-27 and If TetingS Tstops Tiigid Us€ Equ 3-28

Calculate the matrices factors Equs .4-15, 4-26, 4-31, 4-33, 4-35 and 4-38.

Calculate the new Cpcyy  and new temperature coefficients
If Tstog) <Tmeling &Tij+1) = Tmeting Us€ EqQu 3-28,
If Tstom > Tiiqud & Tj+1)< Tiiqua Use Equ 3-28,
If Tstog) 2 Tmeting &T (ij+1) < Tmeling US€ Equ 3-26,
If TSTD(i) < Tliquid & T(i'j+1)> TquLjd use Equ 3-27,
Else, no change
N2
The standard temperatures Tstpy = The temperature of Tijq

| Solve the new matrix to find the new Temperatures for current time step Tiij+1
N2

Break K loop, move to the next
step

| Erorr o = new Tjs1)-Tglass I%

| Tgass = NEW Tjiy |

Break K loop, move to the next
time step

Figure 5-2: The flow chart of the MATLAB code of the using implicit method.
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5.2.3 The results of the validation work

In order to validate the results of PV-PCM models, the results have been
compared with the experimental work of Hasan et al. (2010), and also, the
numerical results of Kibria et al. (2016). Table 3 and Table 4 show the thermos-
physical properties of the each layer of the PV panel, also, the thermosphysical
properties of each layer of the PV panel and also the properties of the PCM RT20
which are same as that used in Kibria et al. (2016). While, the Initial temperature

inputted as 296K and the thickness is 3 cm.

Figure 5-3 illustrate the temperatures trends of the present simulated model and
the experimental temperature of the PV-PCM system, it also illustrates the
temperature differences between these two temperatures. From the Figure 5-3,
the results illustrate the maximum temperature difference between the current
simulated PV-PCM system, and the experimental results of Hasan et al. (2010)

for the PV panel temperature is, 2.7104 K at time 9819 seconds.

Table 3: The thermos-physical properties for the RT20 (Kibria et al., 2016) .

PCM Melting Latent Thermal Specific  Density
temperature heat conductivity Heat kg m3
oC J kgt kg ms3 K1 J kgt K1

RT20 21.23 140,300 0.2 2400 770

Table 4: The thicknesses and the thermos-physical properties of the silicon PV

panel layers (Kibria et al., 2016).

Densit Specific Thickness Thermal Thermal
PV layers K /m3y heat J kg m conductivity diffusivity
g 1K1 kg m s3 K1 m2 s1

Glass 3000 500 0.005 1.8 0.12x107°
EVA 960 2090 0.0005 0.35 8.01 x1078
Silicon cells 2330 677 0.000225 148 9.38 x107°
Tedler 1200 1250 0.0001 0.2 1.33 x1077
AL 2700 900 0.002 237 9.75 x107°
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The experimental results of Hasan etal. (2010 )
1wk T Simulated PV-PCM system by Kibria et al. (2016)
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5| — — —The differences between the present and the simulated by Kibria et al. (2016) results
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Figure 5-3: The temperatures trend of the PV cell of simulated PV-PCM system
dt=1s, the experimental results of Hasan et al. (2010) and simulated PV-PCM
system by Kibria et al. (2016).

5.3 The results of the explicit numerical method for the PV-
PCM module

The matlab algorithm has been built using the explicit discretizing, as illustrated
in Figure 5-4. The inputs are same as in the section 5.4.15.2.1. The results show
when the time step is equal to or more than 0.00001 s, the solution is diverted
and the temperature values go to infinity as illustrated in Figure 5-5. The X axis
in Figure 5-5 represents the time steps where each time step is 0.00001 s, while
the Y axis represents the temperature. This is result of the thin layer of the silicon
and the stability conditions for the explicit discretization. Therefore, the time step
should be less than 0.00001 s.
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Figure 5-6 illustrates the results of the PV silicon temperature with time step which
is 0.000001 s. In this figure the whole simulated time is 1 s. However, the time
consumed by the computer was 51,391.431 s. The specifications of the computer
are: processor Intel (Cellura et al.) xeon (Cellura et al.) CPU E3-1240, 3.5GHz
and the installed memory is 32 GB. In conclusion, if this explicit model is used to
simulate one whole year of the performance of the PV-PCM system, the time that

needed by this computer will be 51,391.431 years.

Input: 1.Initial Temperatures.
2.Thermal properties of the air, PCM, AL, EVA, tedlar and the glass. Tables 2.
3.Latent of the PCM.
4.Wind speed, solar radiation, ambient temperature and PV efficiency.
5.Time, time steps and space nodes.

Calculate Cpep , If TSTD(i) <Tme|ting use Equ 3-26,
If Tstog > Tiquig use Equ 3-27 andv”TnmmS Tsmgs Tigig use Equ 3-28

Calculate the temperatures from Equs .4-15, 4-26, 4-31, 4-33, 4-35 and 4-38.

Figure 5-4: The flow chart of the MATLAB code of the using explicit numerical

method.
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Figure 5-6: The result of explicit model with time step is 0.000001
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5.4 The validation work for the lumped-numerical model for the
PV-PCM module, the Cp depending on the previous time

step.

5.4.1 The inputs

The thermophysical properties of the PCM and each layer of the PV panel from
the Table 5 were input into the program. In addition, the solar radiation intensity,
wind speed and the ambient temperature data were also input into the program
from Luo et al. (2017). Moreover, the dimensions of the PV panel and the
thickness of each PV panel layer have been given. Furthermore, the time

duration, time step and the number of nodes in PCM layer were input.

Table 5: The thicknesses and the thermophysical properties of the silicon PV

panel layers (Kibria et al., 2016).

PV layers Density Specific Thickness Thermal Thermal
kgm=3 heat J m conductivity resistance
kgtK1 kgms3K! Km?w!
Glass 3000 500 0.0032 1.8 0.001778
EVA 960 2090 0.0005 0.35 0.001429
Silicon 2330 677 0.000225 148 1.52E-06
cells
Tedler 1200 1250 0.0001 0.2 0.0005
AL 2700 900 0.002 237 8.44E-06
Composite 600 1788 0.03 7.5 0.004
PCM

5.4.2 The calculation procedure

The radiation heat transfer coefficient and convection heat transfer coefficient
were calculated according to the Equs. 4-40 and 4-41 respectively. These
calculations depend on the temperature at the previous time step, according to
the combined lumped-numerical method. The temperature of the PV panel was
calculated from the Equ. 4-17 and the temperature coefficients from
Equs. 4-18, 4-24 and 4-25.
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Input: 1.Initial Temperatures.
2.Thermal properties of the air, PCM, AL, EVA, tedlar and the glass. Tables 2.
3.Latent of the PCM.
4.Wind speed, solar radiation, ambient temperature and PV efficiency.
5.Time, time steps and space nodes.

t=t+ time step

[ Calculate h conv., h rad 4-40 and 4-41depending on Tglass |
~~

[ Calculate the temperature of the PV panel Equ. 4-17 |
==

Calculate Cpewm , If Tstpg <Tmeting Use Equ 3-26,
If TSTD(i) > T|igu'd use ECIU 3-27 and |If Tmelﬂnus TSTD(i\S T|iguid use EQU 3-28

Calculate the matrices factors Equs.4-18, 4-24 and 4-25 .

i=N

Solve the new matrix to find theTemperatures for current time step T+

t = total time

Figure 5-7: The flow chart of the MATLAB code of the using combined lumped-

numerical method.

After that, according to the FIB method for the PCM nodes, the coefficients of the
temperatures at the present time step were calculated for each node according
to the Equs. 4-18, 4-24 and 4-25. For each time step these equations will be

arranged as:-
ATi-1, j+1) T BTy, j+1) + CT41, j41) = D

Where, these coefficients A, B, € and D change for each node. Therefore, they

will be arranged in matrices as:

i B G 1/ Ta j+o D,
i+ 1]|A;41Bi11Ci4q | Tirn, j+o) l[Dz]l
n l AanJ T(?'l, j+1) anJ

Figure 5-8 : The matrices of the temperature coefficients
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Once arranged this matrix, the matrix is solved to find the temperature for each
internal node at the present time step. After that, the calculation of the
temperature is repeated for each time step, as described in Figure 5-7.

5.4.3 The results of the validation work

In order to validate the results of the Matlab program the results have been
compared with the experimental work of Luo et al. (2017) in Figure 5-9. From
Table 5, the thermophysical properties were used for each layer of the PV-PCM
module and the latent heat of the PCM is 164,800 J kg (Luo et al., 2017) and
the initial temperature is 296K. The thermophysical properties for the PCM have
been taken from Luo et al. (2017) , while the thermophysical properties for the
PV panel layers have been taken from Kibria et al. (2016). The results of the
three models: the explicit, implicit and combined lumped-numerical have been

illustrated in the figures Figure 5-9 respectively.

Figure 5-9 illustrates the temperature trends of the present simulated model, and
experimental temperature of the PV-PCM system, it also illustrates the
temperature differences between them. From Figure 5-9, both the simulated and
the experimental results have almost the same trend with some deviations. The
maximum relative error is 9.82% for the results of this model at the time 10499 s.
This error is due to a number of different factors. Firstly, they are as a result of
the fluctuating solar radiation intensity owing to clouds. This led to inaccurate
reading of the solar radiation intensity mentioned in Luo et al. (2017). Secondly,
the initial temperature of the system has been assumed as 296K, while in reality
it could be different. Thirdly, the wind speed has not been recorded, therefore it
has been considered as 1 m s' same as the assumption of (Luo et al., 2017).
This wind speed will affect the convective heat transfer and then will affect the
PV panel temperature. Finally, there are some errors in the experimental test,
which are 1% and 3% for the latent heat accuracy and thermal conductivity
respectively for Luo et al. (2017). While, the maximum relative error between the
numerical simulation results of Luo et al. (2017) with their experimental work was
14.49%.
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Figure 5-9: A: The temperatures trends of the present model and experimental

of the PV-PCM system. B: The temperature differences between these models.
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5.5 The validation work for the lumped-numerical model for the
PV-PCM module, the Cpcm depending on the current time

step.

This model has used same the inputs as in section 5.4.1, while the calculation
procedures have been illustrated in Figure 5-10. The first loop starts for the time
step, then the temperature of the PV panel calculated. After that, the temperature
of the previous time step for each PCM node considered as a standard
temperature. Then, the second loop starts for the each node of the PCM, where,
the apparent heat capacity of the each PCM nodes has been calculated from the
Equs 4-19, 4-20 and 4-21, depending on the temperature of the previous time
step. Then, the temperature coefficient will be calculated and arranged in a matrix

and the temperatures calculated for the current time step.

After that, the third and fourth loops will start where, for each node of the PCM,
the temperature of the current time step will be compared with the standard
temperature for each node. This comparison for temperatures of each node will
produces five cases. Firstly, the standard temperature is less than the melting
temperature, and the temperature of the current time step is more than or equal
to the melting temperature. Secondly, the standard temperature is more than the
liquid temperature and the current time step temperature is less than the liquid
temperature. For these two cases, the Cecm  Will be recalculated depending on
the Equ 4-20 and the temperature coefficients will be recalculated. Thirdly, the
standard temperature is more than or equal to the melting temperature and the
temperature of the current time step is less than the melting temperature. For this
case, Equ 4-19 and the temperature coefficients will be recalculated. Fourthly,
the standard temperature is less than or equal to the liquid temperature and the
current time step temperature is more than the liquid temperature. For this case,
the Cpcm  Will be recalculated depending on the Equ 4-20 and the temperature
coefficients will be recalculated. Finally, if these four cases have not been

achieved by any PCM node, no change will be applied for the Cpcwm for this node.

After calculating the new Cpcm and temperature coefficient for each node, the

results of the temperatures of the current time step will be saved as a standard

temperatures. Then, new temperatures for the current time step will calculated
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for each PCM nodes, depending on the these new Cpcm and temperature
coefficients for each node. Then, the temperature of the current time step will be
compared with the standard temperature for each node. If the differences in these
comparisons for any node is more than the accepted error, the fourth loop will
repeated. However, if the differences of these comparisons for all nodes are less
than the accepted error or loop iteration finished, the software will move to the
next time step. The loop iteration has been taken as 100 and the accepted error

as 10°.

The results have been illustrated in Figure 5-11. Compared to the experimental
results of Luo et al. (2017), the maximum relative error is 6.47% of this model at
the time 21161 s.
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Input: 1.Initial Temperatures.
2.Thermal properties of the air, PCM, AL, EVA, tedlar and the glass. Tables 2.
3.Latent of the PCM.
4.Wind speed, solar radiation, ambient temperature and PV efficiency.
5.Time, time steps and space nodes.

3

[ The standard temperatures Tspy = The temperature of the previous time step Ty |

A4

| Calculate h conv & h rad 4-40 and 4-41 depending on Tglass |

A4

| Calculate the temperature of the PV panel Equ. 4-17 |

|

\/

Calculate Cpem , If Tstpg) <Tmeling US€ Equ 3-26,
If Tstoi > Tiiquig Use Equ 3-27 and If TielingS TstoiS Tiiqug Use Equ 3-28
N2

Calculate the matrices factors Equs.4-18, 4-24 and 4-25 .

| Solve the new matrix to find the new Temperatures for current time step Tj+1

Calculate the new Cpcy  and new temperature coefficients
If Tstpg) <Tmeling &Tij+1) 2 Tmeting US€ EQU 3-28,
If Tstoi) > Tiiqud & Tg,j+1)< Tiiqud Use Equ 3-28,
If Tstog) = Tmelting &T(ij+1) < Tmeling US€ Equ 3-26,
If TSTD(i) < Tliquid & T(i'j+1)> TquLid use Equ 3-27,
Else, no change
N2
The standard temperatures Tsmpg = The temperature of T

| Solve the new matrix to find the new Temperatures for current time step Tiij+1

Erorr ) = new Tgn-Tsmg

Break K loop, move to the next
Max error < accepted error } step

@
| Erorr o = new Tyiju1)-Tgiass I%

=K
Nl
| Tgass = NEW Tijey |

Figure 5-10: The flow chart of the MATLAB code of the using combined lumped-numerical method.
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A: The temperatures trends of the present model and experimental of the PV-PCM system.
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Figure 5-11: A: The temperatures trends of the present model and experimental
of the PV-PCM system. B: The temperature differences between these models.

For the current time step.
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5.6 The impact of calculating the Cpcm based on the

temperature of the previous and current time step.

Within literature, several papers calculate the apparent heat capacity depending
on the previous time step for each node of the PCM when using FIB method. Hu
and Argyropoulos (1996) said the apparent heat capacity can be calculated either
depending on the previous time step or current time step temperature. However,
mathematically, it should be calculated based on the current time step
temperature. Therefore, the results for both cases from section 5.4 and 5.5 have
been compared. This novel comparison has been illustrated in Figure 5-12 . T1
and T2 represent the PV panel temperatures when calculating the apparent heat
capacity based on the temperature of the current and previous time step
respectively. The maximum error is 1.3053 at time 9916 with relative error is
3.55%.
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Figure 5-12: PV panel temperature difference for calculating the Crcm based on

the previous and current time step temperature.
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5.7 Time independent studies for the lumped distributed

parameter model:

In order to check the convergence and stability of the lumped distributed
parameter model, different time steps are carried out. Three different numbers of
time steps: 1, 2 and 4 have been carried out and results shown in Figure 5-13.
The maximum difference in results between the 1 second time step and 2 second
time step is 0.4941 °C at time 10017 second. While, the maximum results
difference between the 1 second time step and 4 second time step is 0.7838 °C

at time 9943 seconds.
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Figure 5-13: Time independent studies for the lumped distributed parameter
model

The maximum temperature difference between the results of the 1 second time
step and 10 second time step is 1.2189 at time 9923 second. While, the maximum
temperature difference between the results of the 1 second time step and 100
second time step is 1.3988 at time 10000 second.
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Figure 5-14: Time independent studies for the lumped distributed parameter
model

5.8 The impact of different thermal contact conductance

In this section, the impacts of different heat transfer conductance coefficients
have been studied. Thermal contact conductance depends on the technical
contacting approaches between the PV panel and the PCM. Therefore, PV panel
temperature for several scenarios have been investigated. These are firstly, the
PCM is inside an aluminium box in contact with the PV panel and with thermal
contact adherence. Secondly, this case is without thermal contact adherence.
Thirdly, a 0.5mm air gap is assumed between the aluminium box and PV panel.
The heat transfer coefficient for these cases will be 20,000 (Incropera and De
Witt, 2005), 4,000 and 52.6 (Yovanovich et al., 1997)W m~ k! respectively.

The simulated results of the PV panel temperature for these three cases,
represented by Ti1, T2 and Ts are shown in Figure 5-15 respectively. The left y-
axis represents the temperature of the PV panel, the x-axis represent the times
in second and the right y-axis represents the temperature differences between
the first case and second case, and between the first case and third case.
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The results have been illustrated in Figure 5-15. It can be seen that there is small
impact for adding the thermal contact adherence, where the maximum PV panel
temperature difference is 0.1069 °C compared to the second case without
thermal contact adherence at 7765 second. While, the temperature difference
between the first and third cases reached 8.5195 °C at time 7957 second. That
means that any gap between the aluminium container and the PV panel could
cause high impact on the PV panel temperature. Consequently, figure 8 depicts
the impact of these temperature differences on the PV panel efficiency based on
the reference efficiency which is usually measured at 25°C according to the
ASTM. This reference efficiency is considered 100% and any change in efficiency
is compared with it. From Figure 5-15, the efficiency differences reach 3.493%

between the first case and third case at time 7957 seconds.
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T1=PV temperature with he=20,000
T2=PV temperature with he=4000
T3= PV temperature with hc=52.6
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Figure 5-15: The impact of the temperature differences on the PV panel

efficiency based on different heat transfer conductance.

5.9 The impact of the volume change during the phase change.

In order to investigate the impact of the volume changing between the solid and
liquid phases, the lumped-numerical model for the PV-PCM module has been
used. The inputs and the calculation procedure are the same as in the
sections 5.4.1 and 5.4.2 respectively, except the PCM properties. The RT35HC
PCM has been used and the RT35HC PCM thermophysical properties are
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indicated in Table 6 (Nouira and Sammouda, 2018). The PCM thickness was

input as 3 cm and the increments were 10, the time step is 1 s.

Table 6: The thermophysical properties of the RT35HC (Nouira and
Sammouda, 2018).

PCM Melting Latent | Thermal Specific | Density | Density
temperature | heat conductivity | Heat solid liquid
oC Jkg! |kgms3K?! [Jkg!tK |[kgm3 |kgm3

1
RT35HC | 35 240 0.2 2000 880 770

Figure 5-16 illustrates the PV panel temperature results, and the differences
between considering and not considering the volume changing during phase
change in the PV-PCM model. The left y-axis represents the temperature of the
PV panel, the x- axis represents the day time by hours. The blue dot line denotes
the temperature of the PV panel with considering the volume changing during
phase change. While, the black line denotes the temperature of the PV panel
without considering the volume changing during phase change. The difference
between these two cases has been illustrated by the red dot line and corresponds
with right y-axis. The maximum temperature difference between these two
models is 1.7954 °C at time 6965 seconds. This maximum difference happens
after the PCM changed to the molten phase which means the thickness of the
PCM has been increased. This leads to an increase of the thermal resistance to
the back side of the PV-PCM module reducing the released heat. Therefore,
when the volume change has been considered during the phase change, the PV
panel temperature has been increased. In conclusion, this model for the PV-PCM
system is closer to reality, and the volume change during the phase change

should be considered.
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Figure 5-16: PV panel temperatures in the PV-PCM system with and without

considering the volume changing during phase change.

Figure 5-17 illustrates the PV panel efficiency differences if the volume change
during the phase change has been considered or not. In this case, this efficiency
difference reached 0.7361 % based on the reference efficiency, which is usually
measured at 25°C according to the ASTM. This reference efficiency considered
100% and any change in efficiency compared with it. This efficiency difference
has been calculated based on the temperature difference, where each PV panel
temperature rise, the efficiency decreased by 0.41% based on the reference

efficiency.
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Figure 5-17: the effect of the considering the volume change during phase

change on the PV panel efficiency result.

5.10The comparison of the time consuming for the explicit,
implicit and lumped-numerical models for the PV-PCM

module.

In order to compare the time consumption for the implicit and lumped-numerical
models for the PV-PCM module, the time step has been set at 1 s and the total
time is 18000s. In addition, the number of the increments for the PCM was set as
10. Also, for each layer of the PV panel, the increments are 10 for implicit model.
The specifications of the computer that was used are: processor Intel (R) xeon
(R) CPU E3-1240, 3.5GHz and the installed memory is 32 GB. The results have
indicated that the real time taken to solve the implicit model using this computer
is 525.045 s with iteration accuracy is 10°°. While the real time taken to solve the
lumped distributed parameter model is 16.813 s with iteration accuracy is 10
using the apparent heat capacity for the current time step. If the apparent heat

capacity is calculated depending on the previous time step temperature, the
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computer real time taken is 3.934 second. In contrast, according to the
section 5.3, the computer time that required to simulate 1 second of the PV-PCM
system using the explicit method is 51,391.431 seconds. Moreover, the implicit
method for the both distributed parameter model and lumped distributed

parameter model can be run with time step 100 s.

5.11The validation work for the PV panel stand-alone model

In order to validate the results for the PV panel stand-alone model, a matlab code
has been written and the thermophysical properties for DAH PV panel and the
nominal operating condition test (NOCT) have been input. The nominal operating
condition test, is a measurement test for PV panel power and temperature under
specific conditions. These conditions are 800 W m, 1 m s and 20 °C for the
solar intensity, the wind speed and the wind temperature respectively. The results
of nominal operating condition test for the DAH PV panel temperature is 45 + 2
°C as mentioned in data sheet, while the temperature results of the this lumped
PV panel stand-alone model have been illustrated in the Figure 5-18 based on
the Equ. 4-16. It can be seen from the Figure 5-18 that the temperature of the PV
panel agrees with the result of the NOCT.
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Figure 5-18: the temperature results of the lumped PV panel stand-alone model

5.12Summary

This chapter has presented the results of the explicit, implicit methods for the
distributed parameter model and the novel lumped- distributed parameter model
for the PV-PCM module. Then, the required computer time to solve this method
has been compared among these methods. The results of these models have
shown close results values to the literature with little errors. These errors were
owing to assumption of wind speed and other factors. In addition, the mesh
independency has been investigated for the implicit method for the lumped-
distributed parameter model. The results indicate that the maximum error that
occurred between the 10 and 40 increment cases solutions of the PCM is 0.0158
°C. Furthermore, the impact of different contact conductance between the PV

panel and the PCM has been implemented and investigated by this model.

To study the impact of thermal conductance between the PV panel and the
aluminium container of the PCM, three cases have been investigated. These

three cases have assumed: firstly, there is a contact adherence between the
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aluminium container and the PV panel. Secondly, there is no contact adherence.
Thirdly, there is 0.5 mm air gap. The results show the maximum electric PV-PCM
efficiency difference reaches 3.8%, if comparing the first case with third case.

More development for this lumped distributed parameter model has implemented
by considering the impact of the volume change of the PCM during the phase
change from solid to liquid. The results indicate that the maximum temperature
difference reach to 1.7954 °C between considering and non-considering the

volume change.

A novel comparison between using the apparent heat capacity of the PCM
depending on the temperature of the previous and current time step has
implemented. The results show the temperature difference could reach 1.3053

°C with relative error is 3.55%.

Furthermore, three matlab algorithms have been built for the PV-PCM system by
the MATLAB software using the implicit method for the lumped-distributed
parameter model, the explicit and implicit methods for the distributed parameter
model. The results indicate the time required for the implicit method for the
distributed parameter, implicit method for the lumped-distributed parameter
model with calculating the Cp based on temperature of current time step and
implicit method for the lumped-distributed parameter model with calculating the
Cp based on temperature of previous time step, to simulate transient 18000s for
the PV-PCM system reach 525.045 seconds, 16.813 seconds and 3.934
seconds, if time step is 1 s, each layer of the PV-PCM system has been divided
to 10 increments and the accuracy of the implicit model is 10-6. These models
can be run with time step 100 s. While, the real time taken for the explicit model

to simulate 1 second reaches to 51,391.431 seconds.
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Chapter Six The impact of the PCM On The PV Panel

6.1 Outline

This chapter presents the sources of solar radiation, and how to calculate solar
radiation on an inclined surface from measured solar radiation for a horizontal
surface. Then, this solar radiation for a whole year will be used to study the
impact of PCM on the electric energy and the temperature of the PV panel, for
Baghdad and Milan.

6.2 Solar radiation

6.2.1 Introduction

The amount of solar energy that reaches the earth is approximately 885 million
terawatt hours annually, and there are several methods to assess the amount of
solar radiation for each square meter of earth (InternationalEnergyAgency, 2011).
One of the most promising methods is by measuring the solar radiation that
reaches a horizontal plane in a specific location. Then, depending on both this
measured solar radiation and the sun’s path in the sky, solar radiation can be
calculated for any inclined surface. Therefore, this section will describe both the
source of the measured solar radiation and the procedure of calculating solar

radiation on an inclined surface.

6.2.2 Solar radiation dataset resources

Direct normal irradiation (DNI) also represented by (G,) and diffuse horizontal
irradiation (Bahaidarah et al.) which represented also by (G;) are the main
components of Global Horizontal Irradiation (GHI), which are available in different
forms (Bahaidarah et al., 2016). Usually, a pyranometer is used to record these
direct and diffuse radiations for a horizontal plane in geostationary plants. These

geostationary plants are located worldwide and have different pixel accuracies
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(Duffie and Beckman, 2013b). While satellite-based records depend on solar
radiation measured by satellites and the transmittance of the atmosphere. These
records have been used with several algorithm models to reproduce solar
radiation data with more pixel accuracy. These solar radiation data are available
at different intervals of time: each minute, hourly, average daily and average
monthly (Sengupta et al., 2017). These solar radiation data are available from
several resources, such as the National Solar Radiation Database (NSRDB), the
Surface Radiation Budget (SRB) dataset from NASA, the DLR-ISIS model,
HelioClim-1, HelioClim-3, Solar Energy Mining (SOLEMI), MACC-RAD services,
Solargis, the NOAA Global Surface Insolation Project and the EnMetSol model.

In 1977, France launched the first geostationary satellite to record data for the
Meteosat project service. Since then, the European Space Agency has been
involved in this project (European-Space-Agency, 11 2017). The Meteosat
project uses 12 channels, and data have been recorded every 15 minutes since
2004. Based on the Meteosat project, Heliosat-2, HelioClim-1 and HelioClim-3
solar radiation data have been generated (Marchand et al.,, 2018). The
comparison of global solar radiation from HelioClim-3 version 5 to ground
measurements in Morocco has indicated the error between 0% to —4%
(Marchand et al., 2018).

For this study, the global horizontal irradiation, ambient temperature and wind
speed in Baghdad have been collected from the Ministry of Agriculture’s. GHI can
be used to calculate the solar irradiation striking an inclined surface. Then, global
normal irradiation from HelioClim-3 will be validated against the geostationary
plants in Irag. Next, the solar radiation for the inclined surface from HelioClim-3

will be used for Milan.

6.2.3 Solar irradiation model for an inclined surface

GHI represents the total amount of solar radiation that strikes a horizontal surface
per square meter. However, the PV panel could be installed at an inclined angle,
therefore, the total amount of solar radiation that strikes an inclined PV panel
surface should be calculated. Calculation of the solar radiation for inclined surface
depends on DNI and DHI, which are functions of solar radiation on a horizontal
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surface; solar time; location; plane angles; the sun’s path in the sky and the

transmittance of the atmosphere.

6.2.3.1 Solar time

Solar time can be defined as the time depending on the sun’s position and the
meridian related to the observer’s location. Solar time can be calculated from the
local time with two corrections. The first correction is the time difference between
the longitude of the observer and the longitude of the stander of the local time
based. Each degree of longitude is equal to four minutes. The second correction
is based on the day of the year. Solar time can be calculated from the flowing
equations (Duffie and Beckman, 2013b):

Solar time (t;) = Standard local time + 4(Lg; — Ljy.) + E 6-1

where, Lg; represents the longitude on which the local time is based. L, is the
longitude of the observer. E is the function of time which can be calculated from

this equation:

E = 3.82(0.000075 + 0.001868 cos B — 0.032077 sin B — 0.014615 cos 2B 6-2
— 0.04089 sin 2B)

(n—1) 6-3

B = 360°
365

where, n represents the day of the year [1’ corresponds to 1 January].

Solar time can be converted to the hour angle [ w ] representing the degree of

the sun moving across the sky.

w = (ty —12) * 15 6-4
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6.2.3.2 Solar angles

The angles of the PV panel surface (the plane) are illustrated in Figure 6-1 . 8
represents the tilted angle of a PV panel with a horizontal surface. Zs is the
surface azimuth angle, which is between the normal on the PV panel surface and
the North direction. Z represents the solar azimuth angle, which is between the
South direction and the sun. 6 is the angle of the incidence, meaning the angle
between the sun's beam radiation and the normal to the surface. @ is the zenith
angle, which is between the sun line and the vertical. In addition, the other
important angle is the declination angle (8), which represents the tilt angle of the
rotational axis of the Earth tangent to the Earth’s orbit around the sun. The
declination angle ranges between 23.45° to —23.45° (org, 2018). The declination

angle can be calculated from this equation:

180
6= (T) (0.006918 — 0.399912 cos B

+ 0.070257 sin B —0.006758 cos 2B
+ 0.000907 sin 2B — 0.002697 cos 3B + 0.00148 sin 3B)

6-5

«— Normal to horizontal surface

Normal to surface
in consideration

Projection of normal to
surface on horizontal surface

Figure 6-1: The angles of an inclined surface with the sun (Kalogirou, 2013).
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For a PV surface with any orientation, the angle of incidence can be calculated

using the following equation:

cos =sin@sind cos f — cosPsin sin B cos Zg + cosPcosdcosfcosw  6-6
+ sin @ cos 6§ sin ff cos w cos Zg + cos § sin S sin w sin Z;

Where, @ is the latitude ranging from zero to 90 in the northern hemisphere.

The zenith angle can be calculated from this equation:

cos® =cos@Pcosdcosw + sin@Psind 6-7

6.2.3.3 Direct and diffuse solar radiation on a horizontal surface

The measured solar radiation on horizontal plane (G) can be divided into beam

(G,) and diffuse (G,) solar radiation depending on the hourly clearance index K;

by:

1— 0.09K, for K, < 0.22 6-8
fd ={0.9511 — 0.1604K, + 4.388K,> for0.22 < K, < 0.8
0.165 for K, > 0.8
G 6-9
K, = —

where, G, is the solar radiation in the horizontal plan in extra-terrestrial, which

can be calculated using the following equation (Sukhatme and Sukhatme, 1996):

G 12 At 1367 (1 +0.033 366n> [ @ cos & (si inw,) 6-10
= * . —
o 314 ( | cos 365 cos @ cos O (sinw, — sin w4
T(Wy — W) .
180 sin @ sin 6]

Where, At the time interval (S). w; and w, are the beginning and ending solar

time for the time interval, respectively.
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6.2.3.4 Direct and diffuse solar radiation on an inclined surface

In order to predict the amount of solar radiation that strikes an inclined PV panel,
the direct beam, diffuse radiation and ground-reflected solar radiation should be

calculated.
Gt - GBt + GDt + GGt 6'11

where, Gg;, Gp and Gg, are the direct beam, diffuse radiation and ground-
reflected solar radiation on a tilted PV panel (W m), respectively. Gg, can be

calculated using the following equation (Duffie and Beckman, 2013b):

Gge = DNI * Rb 6-12

where, Rb stands for the ratio of beam radiation on the tilted surface to beam
radiation on the horizontal surface, and it can be calculated using this equation
(Duffie and Beckman, 2013b):

b= cos @ 6-13
" cosd

Gp: includes isotropic diffuse radiation from the sky and horizontal diffuse
radiation. G_Dt be calculated using this equation:
1+ cos 6-14
Gpt = Gp [(1 — Ai) (Tﬁ) (1 + F (sin® g)) + Ai* Rb]

Where, Ai represents the transmittance of the atmosphere for direct solar

radiation which can be calculated from:

Gy 6-15
Ai ==
1 GO
. Gy 6-16
G



The ground-reflected solar radiation can be calculated using the following
equation (Kalogirou, 2013):

1 —cos ﬁ) 6-17

Ggte =GHI*pg< >

where, p, is the reflectance of the ground.

According to the equations 6-12, 6-14 and 6-17, the total solar radiation on the
tilted surface will be:

1+ -
Gy = (DNI + Ai * DHI)Rb + DHI(1 — Ai) (%S[U (1 + F (sin §)3> 6-18
1—-cosp
+ GHI * p, (T)

6.2.4 Comparison of the solar radiation data for the inclined surface

The data for global horizontal solar radiation have been collected from Abu Graib,
Baghdad, Irag. In order to calculate the total solar radiation on an inclined surface,
the mathematical model in section 6.2.3 was used, and a MATLAB code has
implemented for this model. The flow chart of this mathematical model has been
illustrated in Figure 6-2. First, the collected data for global horizontal solar
radiation was uploaded for a point in Baghdad, Iraq (44.23° longitude, 33.32°
latitude). Then, the loop of the time intervals was initiated. Inside the loop, the
solar time was calculated using equations 6-1, 6-2, 6-3 and 6-4. Subsequently,
the solar angles were identified according to the equations 6-5, 6-6 and 6-7.
Finally, the total solar radiation on an inclined surface will be calculated from

equation 6-18.
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A\ 4

Input

Global horizontal solar
radiation, location and

inclined angle

!

t=t+ time step

\ 4

Calculate solar time

Equs. 6-1, 6-2, 6-3 and 6-4.

Calculate solar angle

Equs. 6-5, 6-6 and 6-7.

Calculate the total solar radiation on an inclined

Equs. 6-18.

Figure 6-2: The flow chart of the mathematical model to calculate the total solar
radiation on an inclined surface.
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Figure 6-3: The current and HelioClim-3 v5 hourly results of solar radiation

intensity (with time on a 29°-inclined surface for January and July —

Baghdad, Iraq.
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The results of the total solar radiation from the present model for the 29°-inclined
surface have been compared to data from the HelioClim-3 v5 for the same
location. The results of this comparison have been illustrated in Figure 6-3 for
each hour of solar radiation intensity in January and July. The blue line represents
the results of the current model based on the real collected data for 2014 from
the Ministry of Agriculture’s geostationary plant, while the red line represents the
results of HelioClim-3 v5 for 2005, which are derived from satellite data.
Therefore, it can be seen from Figure 6-3 that the hourly solar radiation intensities
are not the same for both results. These differences could be the result of sky
clearance and different years of recording. These differences in the solar
radiation resources lead to different amounts of accumulated solar radiation for
each month, which reached 12.49% in June, as shown in Figure 6-4. Therefore,
the results of the current model will be used in this study.
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Figure 6-4: The current and HelioClim-3 v5 monthly results of solar radiation
intensity for 2014 and 2005, respectively, on a 29°-inclined surface for
January and July — Baghdad, Iraq.
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6.2.5 The impact of PCM on the electrical energy and the
temperature of a PV panel: case studies in Baghdad and Milan
Baghdad

The impact of a PCM on the electrical energy of the PV panel for one year in
Baghdad has been investigated. First, the thermophysical properties (Table 5) for
the PCM and PV panel layers have been imported to the MATLAB algorithm.
Second, the collected horizontal solar radiation intensity, the ambient
temperature and the wind speed data for each hour of 2014 have also been
imported. This horizontal solar radiation intensity data has been used to calculate
the inclined solar radiation intensity for a surface tilted at 30" using the algorithm
that was described in section 6.2.4. Finally, the MATLAB algorithms from
sections 5.5 and 5.11 have been used to predict the energy output and the
temperature trends for the PV-PCM module and the stand-alone PV panel,

respectively. The thickness of the PCM is considered 0.05 m.

The results of the simulated impact of PCM on the PV panel’s electrical output in
Baghdad, for 2014 have been illustrated in Figure 6-5. The x-axis in Figure 6-5
represents the month, while the y-axis represents the accumulated electrical
energy production (WH) per month from a 1 kW PV panel. The blue bars
represent the electrical energy production of the PV-PCM system, while the red
bars represent the electrical energy production of the stand-alone PV panel. From
Figure 6-5, it can be seen that the electrical energy production of the PV-PCM
system from January through November are more than that of the stand-alone
PV panel. However, in July and August, the electrical energy production from the
stand-alone PV panel is close to the electrical energy production of the PV-PCM
system. This is owing to the impact of the PCM cooling, as illustrated in the next
paragraph. In 2014 in Baghdad, the estimated impact of the PCM on the electrical
energy production of PV panels is increasing by 1.96%. The electrical energy
production from the PV-PCM system and the stand-alone PV panel for 1 kW PV
panels are 1,849.8 kWh and 1,814.2 kWh, respectively.

The temperature trends of the PV panel that attached with PCM, PV panel stand
alone and ambient, for the first ten days of January, April, July and October have

been illustrated in Figure 6-6, Figure 6-7, Figure 6-8 and Figure 6-9, respectively.
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In these figures, the y-axis represent the temperature in degrees kelvin, and the
x-axis represent the time in seconds to the energy of 1075. In this study, the
simulation started at zero from the first midnight of each month. In each figure,
the blue dashed line, the red dashed line, the green dashed line, the blue dotted
line and the black dotted line represent the temperatures of the PV panel in the
PV-PCM system, the stand-alone PV panel, the mid-PCM node, the solidification
of the PCM and the ambient temperature, respectively.

From Figure 6-6, it can be seen that the temperature of the midpoint of the PCM
has never been above the solidification temperature line. This means part of the
PCM did not melt during those ten days. This non-melted part worked as a
thermal barrier that prevented heat releasing from the rear side by convection to
the ambient air. In contrast, the PCM slightly cools the PV panel as a result of the
sensible amount of heat stored by the PCM. As a result of this, during the day,
the temperature of the PV panel of the PV-PCM system has been less than that
of the stand-alone PV panel, as shown by the dashed blue and red lines.
However, at night, the temperature of the PV panel that attached with PCM is
higher than the temperature of the stand-alone PV panel. Therefore, the
efficiency increased, and in January the electrical energy of the PV-PCM system
is more than the electrical energy of the stand-alone PV panel.

Figure 6-7 illustrates the results of the temperature trends in April. The
temperatures of the PV panel attached to PCM and the stand-alone PV panel
exceed the solidification temperature of the PCM during the day, then at night
they decrease to the melting temperature of the PCM. Therefore, for most days
in April, the PCM solidified at night and then became molten during the day. This
melting process during the day absorbs the heat from the PV panel and keeps
the temperature of the PV panel attached to PCM lower than the temperature of
the stand-alone PV panel. This cooling of the PV panel that attached with PCM
leads to an increase in the efficiency of the PV panel by 0.41 for each 1 K
decrease. Therefore, in April, the electrical energy production of the PV panel
attached to PCM is higher than that of the stand-alone PV panel, as illustrated in
Figure 6-5. In October, the situation is almost the same as in April, as shown in

Figure 6-9.
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In July, the midpoint of the PCM has never been below the dotted black
solidification temperature line, as shown in Figure 6-8. Also, in this situation, the
PCM has cooled the PV panel to a sensible level of heat, and the PCM has made
a thermal barrier. Therefore, the temperature of the PV panel in PV-PCM is lower
than the temperature of the stand-alone PV panel for the first hours of the day.
Later, the temperature increases. As a result of this, in July, the energy production
of the PV-PCM is slightly more than the energy production of the stand-alone PV

panel.

The PV panel temperature trend and the electrical energy production with and
without PCM for each 100 seconds of the entire year is illustrated by 24 figures
in Appendix A.
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Figure 6-5: The estimated electrical energy output for the PV-PCM and stand-
alone PV panel — Baghdad, 2014.
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Figure 6-6: Temperature trends for the PV-PCM, stand-alone PV panel and
ambient for the first ten days of January — Baghdad, 2014.
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Figure 6-7: Temperature trends for the PV-PCM, stand-alone PV panel and
ambient for the first ten days of April — Baghdad, 2014.
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Figure 6-8: Temperature trends for the PV-PCM, stand-alone PV panel and
ambient for the first ten days of July — Baghdad, 2014.
October 2014 Baghdad
| I I I | — — — PV panel temperature with PCM
350 - — — — PV panel stand alone temperature
— — — Midpoin temperature of the PCM
340 [~ e Ambient temperature
F:f ---------- End temperature of FCM soldification
ye 3307 Ty |If_.l .'_I'L\ Il[s ."’“ IF:I ”"‘I I [}E' i i .
e o "-‘ q M Iy yon | '
E I'r |I I| ! IIF l;l | [ ||| |] ||| r,-[ I.. I|| é | |t |[ II' | }
% 320 lf F |I i l;IF 'rl |; I I|I || |I 'Ir ! ” ] | | :I f | :II l ,.t. I
% |I I 0 .; [ |J | | l |l I f 'I| II| I f i i || 'I | |I' : L
S stk | [ . | |: ) I| |_I|. | f..._ll I|__.- 1 !'r _..I,I | I A i -‘|| e : '_.-I', 4
- o J.f % | I E I i iy, ey [[i5! (P I i
00 ko N Fioogmal {wm{uq ....... R R Gt LR e e C——
e il N vl vy vif Wi e L. !
| w1 | n,;' - \—.J ' J h _.: 1"|¢ \-.:_ |
290 - ¥ : ‘~'f v |
280 L L I L L L I L
] 1 2 3 4 5 B 7 8 9
Seconds w10

Figure 6-9: Temperature trends for the PV-PCM, stand-alone PV panel and
ambient for the first ten days of October — Baghdad, 2014.
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6.2.6 Milan

This section studies the impact of the composite paraffin-PCM on the electrical
energy output of the PV panel in Milan. In this section the same procedures
detailed in section 6.2.5 have been used. The ambient temperature, wind speed
and solar radiation from the SoDa HelioClim-3 v5 (SoDA, 2019) for Milan have
been downloaded and used. The results are presented in Figure 6-10. The
electrical energy output for the 1 kW PV panels attached to PCM and for the
stand-alone PV panel are 1648 kWh and 1609.4 kWh per year, respectively, with
an enhancement rate of 2.39%, while using the PCM with a PV panel in Baghdad

has increased the energy by 1.96%.
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Figure 6-10: The estimated electrical energy output for the PV-PCM and stand-
alone PV panel — Milan 2005.
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The impact of the composite paraffin-PCM on the temperature of the PV panel
for the first ten days of January, April, July and October are presented in
Figure 6-11, Figure 6-12, Figure 6-13 and Figure 6-14, respectively. The y-axis
represent the temperature in degrees kelvin, and the x-axis represent the time in
seconds to the energy of 10"5. In each figure, the blue dashed line, the red
dashed line, the green dashed line, the blue dotted line and the black dotted line
represent the temperatures of the PV panel in the PV-PCM system, the stand-
alone PV panel, the mid-PCM node, the solidification of the PCM and the ambient
temperature, respectively.

In January, the temperature of the PV panel attached to PCM sometimes exceeds
the melting temperature of the PCM for short time, as shown in Figure 6-11.
Therefore, the PCM does not melt completely, and there is no significant
temperature difference between the PV panel attached to PCM and the stand-
alone PV panel. As a result of this, the electrical energy production from the PV
panel attached to PCM is slightly more than the electrical energy produced from
the stand-alone PV panel, as illustrated in Figure 6-10. While in April and October,
the temperatures of the PV panel attached to PCM sometimes exceed the PCM
melting temperature by about 20 K as shown in Figure 6-12 and Figure 6-14,
respectively. Therefore, during these two months, the electrical energy of the PV
panel attached to PCM is more than that of the stand-alone PV panel, as shown
in Figure 6-10. In Milan, the most significant impact of this composite paraffin-
PCM on the PV panel output was in July, as shown in Figure 6-10. This is a result
of melting all the PCM during the day, and at night the PCM solidified completely,
as shown in Figure 6-13. This is illustrated by the temperature of the midpoint of
the PCM, which is represented by the green dashed line, which exceeds the
melting temperature during the day and then at night decreases below the PCM

melting temperature.
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Figure 6-11: Temperature trends for the PV-PCM, stand-alone PV panel and
ambient for the first ten days of October — January, 2005.
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Figure 6-12: Temperature trends for the PV-PCM, stand-alone PV panel and
ambient for the first ten days of April — Milan, 2005.
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Figure 6-13: Temperature trends for the PV-PCM, stand-alone PV panel and
ambient for the first ten days of July — Milan, 2005.
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Figure 6-14: Temperature trends for the PV-PCM, stand-alone PV panel and
ambient for the first ten days of October — Milan, 2005.
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6.3 Conclusion

This chapter has presented the main sources of solar radiation. Two resources
have been chosen in this study. The first used the SoDa for the Milan case study;
the second resource is the observed data measured for horizontal surfaces in the
Baghdad case study. Next, a mathematical model was presented to calculate
solar radiation for an inclined surface based on the observed solar radiation for a
horizontal surface. Then, the MATLAB algorithms for the mathematical models:
the stand-alone PV panel and the lumped-distributor model for the PV-PCM
system from Chapter 5 were used. These models have been used to investigate
the impact of using 5 cm of the composite paraffin-PCM on the temperature and
the electrical output of the PV panel in Baghdad and Milan for one year with time
intervals of 100 seconds. The results have indicated that using composite
paraffin-PCM could increase the year-round electrical energy output by 1.96%
and 2.39% in Baghdad and Milan, respectively. In addition, the results have
shown that the melting temperature of the PCM is very important. The composite
paraffin-PCM could have a significant impact on the electrical output of the PV
panel. If the PV panel temperature exceeds the melting temperature during the
day and the PCM melts completely, then at night it decreases below the melting

temperature and solidifies completely, such as in July in Milan.
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Chapter Seven The impact of the Foam-PCM On The PV Panel

7.1 Outline

This chapter presents the procedures and results of the two main contributions in
this PhD study. Firstly, in order to find the best PCM type with the optimal
thickness to produce the maximum electrical energy from the PV panel, a range
of the PCMs with thermophysical properties was collected. Then the impact of
each PCM (with varying thicknesses) on the annual electrical output of the PV
panel was investigated. Secondly, a model to predict the thermophysical
properties of PCMs with metal foams was implemented. This chapter will then go
on to present the impact of the different PCMs, with different Al foam percentages
and different thicknesses, on the annual performance of PV panels in Baghdad
and Milan.

7.2 PCM types

The most useful PCMs for cooling PV panels should have a suitable melting
temperature, which could range from 10 °C to 60 °C. According to the literature,
there are a few PCMs that can be used to cool down the PV panels. However,
important information about these PCMs is not discussed, such as the maximum
operating temperature, density and thermal conductivity for both solids and
liquids. Therefore, this section presents data about the PCMs which have melting
temperatures between 10 °C to 60 °C. This information has been from literature
papers that discuss PV-PCM modules, PCM-thermal building management,
PCM-cooling electronic devices and company data-sheets. This information is
tabulated in Table 7 and was the key data used to build the PV-PCM model.

These PCMs can be classified based on material into: organic, inorganic and
eutectic (Shah, 2018), as illustrated in Figure 7-1. The organic PCMs can be
further classified into fatty-acids and paraffin. The main advantages of the organic
PCMs are that they are stable, available in a wide melting-temperature range and
have high latent heat. However, organic PCMs do have low thermal conductivity
(Jaguemont et al., 2017). The inorganic PCMs can be divided into hydrated salt,
molten salt and others. These PCMs have a higher thermal conductivity and a
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lower cost when compared with organic PCMs. However, inorganic PCMs are

l PCMs

Hydrated Molten Metal or
salt salt alloy

corrosive and not stable.

Paraffin Fatty Acid Water

Figure 7-1: PCMs categories

Table 7 shows the information about the some PCMs. This information includes
the PCM type, the melting temperature, the latent heat capacity, the flash point
temperature, the maximum operating temperature, the density, the heat capacity
and the thermal conductivity. However, it can be seen from Table 7, there are
some data missing for some products. Thus, if the some properties mentioned

to the either solid or liquid phase, they will be considered for the both phases.
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Table 7:

The thermosphysical properties of PCMs.

NO. PCM Type Melti Flash Maximu  Latent Density Specific Thermal
ng point m heat kg m? heat kJ kg~ Conductivity
temp  tempe  Qperating Capacity ' o 1K"1 o W.rn'lK'_1 _
ergltur rature Temperat kJ kg-1 solid  liquid solid liqui solid liquid
e’C 0C d

ure 0C
1 n-Hexadecane Paraffin 18 236 780 1.65 210 0.17
(Koschenz and (CH3- 0 0
Lehmann, 2004) (CH2)14—
CH3)
2 RT25 (Weinldder et Paraffin 25 147 804 763 29 21 019 017
al., 2005)
3 n-octadecane Paraffin 27 243.5 870 750 193 219 035 0.148
(Kuznik etal., 2011) (CH3- (Cui 4 6 8
(CH2)16- et al.,
CH3) 2017)
4 A32 (Products, organic 32 300 130 845 2.20 0.21
2013)
5 Paraffin  RT44HC Paraffin 41— 255 780 760 20 20 02 02
(Mazraeh et al., 45
2018)
6 OM32 (Pluss, 2018)  organic 33 160 120 187 926 870 32 281 021 0.145
9
7 OMS35 (Pluss, 2018)  organic 35 200 120 202 969 870 257 278 020 0.16
8 A36 (Products, organic 36 300 217 790 2.37 0.10
2013) 4
9 OM37 (Pluss, 2018)  organic 37 200 120 231 973 860 255 263 0.16 0.13
10 A40 (Products, organic 40 300 230 810 2.43 0.18
2013)
11 A43 (Products, organic 43 300 165 780 2.37 0.18
2013)
12 A44 (Products, organic 44 300 242 805 2.15 0.18
2013)
13 OM42 (Pluss, 2018)  organic 44 200 120 221 903 863 271 278 019 01
14 A48 (Products, organic 48 300 234 810 2.85 0.18
2013)
15 OM46 (Pluss, 2018)  organic 48 200 120 196 917 880 25 27 020 0.10
16 A50 (Products, organic 50 300 218 810 2.15 0.18
2013)
17 OM48 (Pluss, 2018)  organic 51 200 120 172 960 875 202 235 020 0.10
18 OMDS5O0 (Pluss, 2018)  organic 51 200 120 223 961 859 333 278 021 0.14
19 OM55 (Pluss, 2018)  organic 55 200 120 208 935 841 268 276 016 0.1
20 A55 (Products, organic 55 300 135 905 2.22 0.22
2013)
21 S27 (Weinléder et Hydrate 27 190 1700 1530 150 222 0.79 048
al., 2005) salt
(CaCl2.6H
20)
22 L30 (Weinlader et Hydrate 30 270 1556 1400 123 1.79 1.02 0.56
al., 2005) salt
(LINO3.3H
20)
23 S44 (Products, 2013) Hydrate 44 120 100 1584 1.61 0.43
salt
24 S50 (Products, 2013) Hydrate 50 120 100 1601 1.59 0.43
salt 0
25 C58 (climsel, 2018)  Hydrate 55 260 1400 0.57 047
salt
26 S58 (Products, 2013) Hydrate 58 120 145 1505 2.55 0.69
salt
27 Acetic Acid eutectic 17 192 1214 1378 133 2.04 0.26 0.19
(Mukherjee, 2018) mixtures
28 Lauric acid eutectic 44 212 1007 1144 202 215 0.22 0.15
(Mukherjee, 2018) mixtures
29 FS30 (Khanna et al., eutectic 31 200 120 172 1058 960 246 277 034 0.496
2018, Pluss, 2018) mixtures
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7.3 Optimum design for PV-PCM system

This section will investigate how to find the best PCM for each city. The
procedures used in the investigation are illustrated in Figure 7-2 and a MATLAB
code was built to implement these procedures. The main data required was
imported to MATLAB. The first loop (H loop) was started, which included all the
PCM types from Figure 7-2. The first PCM was chosen and the thermophysical
properties imported. If some of the properties of a PCM were only mentioned for
the solid or liquid phase, it was considered for both. The second loop (A loop)
was then started, which represented different PCM thicknesses. For each PCM
thickness, the annual electrical production was calculated and compared with the
maximum energy production. If the current energy production was more than the
recorded maximum energy, the current energy production was saved as the
maximum energy and the PCM type, with PCM thickness, was recorded. Then,
the PCM thickness was increased until the end of A loop was reached. After that,
the type of PCM changed until the end of the H loop. This investigation was
executed for both Baghdad and Milan.
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Figure 7-2: The procedure to find the best PCM for each city.
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7.3.1 Baghdad

The results of the optimisation for Baghdad are illustrated in Figure 7-3, where
the x-axis represents the number of the PCM according to Table 7, and the y-
axis represents the ratio of the electrical energy produced from the PV panel
attached to the PCM, divided by the electrical energy produced from the PV panel
when stand-alone. Each line with different colours represents a specific
thickness, starting from 1 cm up to 15 cm. In addition, the results for each

thickness and each PCM are listed in Table 8.

It can be seen from Figure 7-3 and Table 8 that the maximum ratio is 1.003 for
PCM number 29 with 2 cm thickness, which means that the maximum
enhancement is 0.3%. The main features for this PCM are that its thermal
conductivity is high and the melting temperature is 31°C. It can also be seen that
the PCM number 22 has a positive impact for first two thicknesses only, but it is
lower than the impact of the PCM number 29. The rest of the PCMs have a
negative impact due to low thermal conductivity. This as a result of the thermal

resistance generated by adding a PCM.
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Figure 7-3: The annual impact of the different PCMs with different thicknesses on
the electrical energy output of the PV panel, Baghdad.
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Table 8 : The ratio of electrical energy output for whole year with PCM /
Electrical energy output for whole year without PCM Baghdad.

PC PCM thicknesses

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No. cm cm cm cm cm cm cm cm cm cm cm cm cm cm cm

Electric energy output with PCM / Electric energy output without PCM Baghdad, for

whole year

1 0.98 097 0.97 09 096 096 096 096 096 095 095 0.95 095 095 0.95
4 7 3 9 6 4 3 1 0 9 8 8 7 7 6

2 0.98 097 097 096 096 096 096 096 096 096 095 0.95 095 095 0.95
2 5 1 8 6 4 3 2 1 0 9 9 8 8 7

3 097 097 096 096 096 095 095 095 095 095 095 0.95 095 095 0.95
9 0 5 3 1 9 8 8 7 7 7 6 6 6 7

4 0.98 098 0.98 097 097 097 097 097 097 096 096 0.96 096 096 0.96
6 2 0 8 6 4 2 1 0 9 8 8 7 7 6

5 0.98 098 0.98 098 097 097 097 097 097 097 097 097 097 097 097
7 4 2 1 9 8 7 6 5 5 4 4 4 3 3

6 0.98 097 097 096 096 096 096 096 096 096 096 0.96 096 0.96 0.96
0 5 2 9 7 6 5 4 4 3 3 2 2 2 2

7 0.98 097 097 097 097 097 096 096 096 096 096 0.96 096 0.96 0.96
3 8 6 4 2 0 9 8 8 7 7 6 6 6 6

8 0.97 097 097 096 096 096 096 096 096 096 096 0.96 096 0.96 0.96
9 5 2 9 8 6 6 5 4 4 3 3 3 3 3

9 0.98 097 097 097 096 096 096 096 096 096 096 0.96 096 0.96 0.96
0 6 4 1 9 8 7 7 6 6 6 6 6 6 6

10 098 098 098 098 097 097 097 097 097 097 097 097 097 097 0.97
7 4 3 1 9 7 6 5 4 4 3 3 3 3 2
11 098 097 097 097 097 097 097 09 096 096 096 096 096 096 0.96
4 8 6 4 2 1 0 9 9 8 8 7 7 7 7
12 098 098 098 097 097 097 097 097 097 097 097 097 097 097 097
6 2 0 8 7 5 4 4 3 2 2 2 1 1 1
13 097 09 09 09 09 09 09 09 096 096 096 096 096 096 0.96
5 8 5 3 2 1 0 0 0 0 0 0 0 0 0
14 098 098 097 097 097 097 097 09 096 096 096 096 096 096 0.96
5 0 6 4 2 1 0 9 9 8 8 8 7 7 7
15 097 096 09 09 095 095 095 09 095 095 095 095 095 095 0.95
5 7 3 1 9 8 8 7 7 7 7 7 7 7 7
16 098 097 097 097 09 09 09 09 096 096 096 096 096 096 0.96
4 8 4 1 9 8 7 6 5 5 5 4 4 4 4
17 097 096 09 095 095 095 095 09 095 095 095 095 095 095 0.95
4 5 1 9 7 6 5 4 4 4 4 4 4 4 4
18 097 097 09 09 09 096 09 09 096 096 09 096 096 096 0.96
9 2 8 6 4 3 2 1 1 1 0 0 0 0 0
19 097 09 09 095 095 09 09 09 095 095 095 095 095 095 0.95
4 5 1 8 6 5 3 3 2 2 2 2 2 2 2
20 098 097 097 09 09 09 09 09 096 095 095 095 095 095 0.95
4 6 2 8 6 4 2 1 0 9 9 8 8 7 7
21 099 099 099 099 098 098 098 098 098 098 098 098 097 097 0.97
8 6 3 1 8 6 5 3 2 1 0 0 9 9 9
22 1.00 100 099 099 099 099 099 098 098 098 098 098 098 098 0.98
3 1 8 6 3 2 0 9 8 8 7 6 6 6 5
23 099 099 099 099 099 098 098 098 098 098 098 098 098 098 0.98
4 3 2 1 0 9 8 7 6 5 5 4 4 3 3
24 099 099 098 098 098 098 098 097 097 097 097 097 097 097 097
2 0 7 5 3 1 0 9 8 8 7 6 6 5 5
25 099 099 098 098 098 098 098 098 097 097 097 097 097 097 0.97
4 1 8 5 4 2 1 0 9 8 7 7 6 6 6
26 099 099 098 098 098 098 097 097 097 097 097 097 097 097 0.97
3 0 7 4 2 0 9 8 6 5 4 4 3 2 2
27 098 098 097 097 09 09 09 09 096 096 096 096 095 095 0.95
6 1 6 2 9 7 5 3 2 1 0 0 9 8 8
28 098 098 097 097 097 097 097 097 097 097 097 097 097 097 097
5 0 8 6 5 4 3 2 2 1 1 0 0 0 0
29 1.00 100 1.00 1.00 099 099 099 099 099 099 099 098 098 098 0.98
1 3 3 1 8 6 5 3 2 1 0 9 8 7 7
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7.3.2 Milan

The results of the annual impact of different PCMs with different thicknesses on

the electrical energy output of the PV panel are revealed in

Figure 7-4 and Table 9. The result of the optimisation shows that the best PCM
is number 22 (in Table 7) with a 3 cm thickness. The maximum annual
enhancement is 0.5%. The main properties of the best PCM for Milan is a melting
temperature of 30°C and with a high thermal conductivity when compared to the
other PCMs in Table 7.

The energy production with PCMs divided by
the energy production without
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Figure 7-4: The annual impact of the different PCMs with different thicknesses
on the electrical energy output of the PV panel, Milan.
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Table 9: The ratio of electrical energy output for whole year with PCM /
Electrical energy output for whole year without PCM Milan.

PC PCM thicknesses

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No. cm cm cm cm cm cm cm cm cm cm cm cm cm cm cm

Electric energy output with PCM / Electric energy output without PCM Baghdad, for

whole year

1 0.98 0.98 097 097 097 097 097 097 09 096 096 096 096 096 0.96
6 2 9 6 4 2 1 0 9 8 7 7 6 6 6

2 0.98 097 097 097 097 096 096 096 096 096 096 096 096 096 0.96
1 5 3 1 0 9 8 7 6 5 5 5 4 4 4

3 097 097 096 096 096 096 096 096 096 096 096 096 096 096 0.96
8 1 8 6 4 3 3 2 2 2 2 2 2 2 2

4 098 097 097 097 097 097 097 097 097 097 097 096 096 096 0.96
5 9 7 5 4 3 2 1 1 0 0 9 9 9 8

5 0.98 097 097 097 097 096 096 096 096 096 096 096 096 096 0.96
5 9 5 2 0 9 8 6 5 5 4 4 4 4 4

6 0.97 097 096 096 09 096 096 096 096 096 096 096 096 096 0.96
9 2 9 8 7 6 5 5 4 4 4 4 3 3 4

7 098 097 097 097 097 096 096 096 096 096 096 096 096 096 0.96
0 5 2 1 0 9 8 7 7 7 7 6 6 6 6

8 0.97 097 096 096 096 096 096 096 096 096 096 096 096 096 0.96
6 0 7 5 4 3 3 2 2 1 1 1 1 1 1

9 097 097 096 096 09 096 096 096 096 096 096 096 096 096 0.96

7 2 9 7 6 5 5 4 4 4 3 4 3 4 4
10 098 097 097 097 097 097 09 09 096 096 096 096 096 096 0.96
4 9 6 3 1 0 9 8 8 7 7 6 6 6 6
11 098 097 097 09 09 09 09 09 096 095 095 095 095 095 0.95
2 5 0 7 4 3 1 0 0 9 8 8 8 7 7
12 098 097 097 097 09 096 09 09 096 096 09 096 096 0.96 0.96
3 7 3 0 8 6 4 3 3 2 1 1 1 1 1
13 097 096 09 095 095 095 095 095 095 095 095 095 095 095 0.95
2 4 0 7 6 4 4 3 2 2 2 2 2 2 2
14 098 097 09 09 09 09 09 09 095 095 095 095 095 095 0.95
2 4 9 6 3 1 0 9 8 7 7 6 6 6 6
15 097 096 095 095 09 095 09 094 094 094 094 094 094 094 094
2 3 8 5 3 1 0 9 9 8 8 8 8 8 8
16 098 097 09 09 096 095 095 095 095 095 095 095 095 095 0.95
1 3 7 3 0 8 7 6 5 4 3 3 3 3 3
17 097 096 095 095 095 094 094 094 094 094 094 094 094 094 094
1 2 6 3 0 9 7 6 6 5 5 5 5 5 5
18 097 09 09 095 095 09 09 09 095 095 095 095 095 095 0.95
6 8 3 9 6 4 3 2 1 0 0 0 0 0 1
19 097 096 095 095 094 094 094 094 094 094 094 094 094 094 094
2 1 5 1 9 7 6 6 5 5 5 5 5 5 6
20 098 097 09 09 095 095 095 095 095 095 095 095 095 095 0.94
2 3 7 2 9 6 4 3 2 1 1 0 0 0 9
21 099 099 100 099 099 099 099 099 099 099 099 099 099 099 0.99
8 9 0 9 7 5 4 3 3 2 2 1 1 1 1
22 100 100 100 100 100 100 099 099 099 099 099 099 099 0.99 0.99
1 4 5 3 2 0 9 9 8 8 7 7 7 7 7
23 099 098 098 098 098 098 097 097 097 097 097 097 097 097 097
2 8 6 4 2 0 9 8 7 6 5 4 4 3 2
24 099 098 098 097 097 097 097 097 096 096 09 096 096 096 0.96
0 5 1 8 6 4 3 1 9 8 7 6 5 5 4
25 099 098 098 097 097 097 097 097 097 097 09 096 096 096 0.96
1 6 2 9 7 5 4 2 1 0 9 8 8 7 6
26 099 098 098 098 097 097 097 097 097 09 096 096 096 096 0.96
1 7 3 0 7 5 3 2 0 9 8 7 6 5 4
27 098 098 098 098 097 097 097 097 097 097 097 097 097 096 0.96
9 5 2 0 7 5 4 3 2 1 1 0 0 9 9
28 098 097 097 09 096 096 096 09 096 096 096 096 096 0.96 0.96
2 6 2 9 7 5 4 3 2 1 1 1 1 1 0
29 099 100 100 100 1.00 1.00 100 099 099 099 099 099 099 099 0.99
8 1 3 3 2 1 0 9 8 7 7 6 5 5 4

138



7.3.3 Results analysis
It can be seen from Figure 7-3 and

Figure 7-4 that the worst impact on the annual PV panel electrical energy output
is caused by three PCMs, number 15, 17 and 19. From Table 7, it can be seen
that using PCMs with a low thermal conductivity lead to an increase in the PCM'’s
thermal resistance. This thermal resistance is explained in Figure 7-5. This high
PCM thermal resistance will need a high-temperature difference between the PV
panel and the melting region to transfer the same heat flow when compared to
other PCMs. This will lead to the temperature of the PV panel being high, which
causes a reduction in the PV panel efficiency. Therefore, to increase the thermal
conductivity of the PCM, it would be better to investigate different PCMs with

different metal foam percentages.

Pem
heat
storage

T amb
Tpv Tl pcm T2 pem

- W W\l T conv.

PV panel 1/thermal R pem R conv.

conductance

Figure 7-5: The thermal analysis of the PV-PCM system.

7.4 Optimum design for PV-PCM system-metal foam composite

In order to choose the best PCM type, one which has the optimal PCM thickness
with the best ratio of AL foam, the impact of using a metal foam PCM composite
on a PV panel’s electrical output for a whole year has been investigated based
on two cities: Baghdad and Milan. The PCM assumed will combined with metal
foam when it melt. Firstly, the thermophysical properties and formula of the PCM

metal foam have been presented and used based on the available literature.
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Then different percentages of metal foam have been used. Secondly, the
optimum design for PV-PCM metal foam has been investigated using the
procedure in section 7.3 for each percentage of metal foam. Finally, the results

are presented and discussed.

7.4.1 The thermophysical properties of the PCM-metal foam

It can be seen from Table 7 that the maximum thermal conductivity for pure PCMs
is 1.02 W m™1K™1, which is very low. Therefore, several sets of research in the
literature have developed different techniques to increase the thermal
conductivity of PCMs. These techniques depend on nanoparticles, fins,
expanded graphite and metal foams (Qureshi et al., 2018). The metal foam
techniques will be used in this study. Information about PCMs with metal foam

enhancement techniques is collected in Table 10.
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Table 10: The thermos-physical properties of composite PCM-Metal foam

PCM Additiv  Melti  porosi Latent  Density Specific Thermal
e Type ng ty heat kg m® heat kJ kg Conductivi

tempe ratio  capacit K1 ty W miK?
rature y kJ kg- solid ligu soli liqu soli liqui
°C 1 id d id d d

Paraffin nickel 60-62 97.28 1824 914 769 15 18 12

(Xiao et al., foam % 9 02

2013)

Paraffin nickel 97% 11

(Qureshi et foam 6

al., 2018)

Paraffin copper 4224 97.3% 170.4 3.1

(Wang et al., foam 1

2016)

Paraffin copper 60-62 96.83 182.4 914 769 16 16 438

(Xiao et al., foam % 17 17

2013)

Paraffin 96.95 5.0

(Xiao et al., % o . 4

2014) copper foam )CH3—(CH2)16-CH3

Paraffin copper 92.31 11.

(Xiao et al., foam % 33

2014)

Paraffin copper 88.89 16.

(Xiao et al., foam % 01

2014)

Sodium aceta copper 56.75 92.4% 271.09 1.5 6.8

te trinydrate  foam 4

It can be seen from Table 10 that not all the thermophysical properties of the
PCM-foam composite are available. In addition, within the literature there are a
lot of PCMs, as mentioned in Table 7 that have not been investigated with
regards to their thermophysical properties with metal foam. Therefore, a formula
will be used to predict the thermophysical properties of the PCM-metal foam

composite based on the PCMs in Table 7.

Bhattacharya et al. (2002) investigated the effective thermal conductivity of fibre
metal foam with fluid, air and water experimentally. The metal foam used was Al,
as shown in Figure 7-6. Bhattacharya et al. (2002) presented a formula to predict
the effective thermal conductivity of the fluid-metal foam composite. This formula
has been investigated by Xiao et al. (2013) experimentally. They used paraffin as
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a PCM with a copper and nickel metal foam. Their results, of effective thermal
conductivity, show an acceptable agreement with Bhattacharya et al. (2002)
formula. This formula is:

1-A4 7-1

4 (1—¢&p)
APCM AMetal

Ae = A(epApem + (1 — &p)Ayetar) +

where, A, is the effective thermal conductivity, A represents the percentage of the
metal foam in parallel with heat flow, ¢, is the volume porosity percentage of the
foam metal and Apcy and Ayqeq; represent the thermal conductivity of the PCM
and the metal, respectively. For the porosity range (90.5%-97.8%), A can be
represented by 35% (Xiao et al., 2013).

Figure 7-6: AL metal foam (Bhattacharya et al., 2002).

The density and the specific heat capacity of the PCM-metal foam composite can
be calculated by the rule of mixture:

Pcomp = Ppcm *Ep +  Pr * [1—¢] 7-2

Cecomp = [Cpcm * Ppcm *&p +  Cpxpp *[1 7-3
- gb] ]/pcomp

where, pcom, is the density of the PCM-foam composite (kg m™3), pg is the density
of the foam material (kg m3), Ccomp is the specific heat capacity of the PCM-foam

composite (J Kg? °C?) and Cg is the specific heat capacity of the foam (J Kg*
Oc-l)_
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7.4.2 Results of optimum design for PV-PCM system-metal foam

composite for Baghdad.

The impact of different Al foam percentages, with different PCMs and different
thicknesses, on the annual electrical energy output of a PV panel have been
investigated for Baghdad. The volume percentages of the Al foam are 3%, 4%,
5%, 6%, 7%, 8% and 9% and the results are revealed in Figure 7-7, Figure 7-8,
Figure 7-9, Figure 7-10, Figure 7-11, Figure 7-12 and Figure 7-13 respectively.
In these figures, the x-axis is the PCM number according to Table 7 and the y-
axis is the energy ratio of electrical energy output for the PV panel attached to Al
foam-PCM, divided by the electrical energy output for the PV panel when it is
stand-alone. In these Figures, we present the results of different Al foam PCM
thickness, from 1 cm to 15 cm. Each thickness is represented by a line. The
results indicate that the best PCM is number 8, from Table 7, with 9% Al foam, a
15 cm thickness and with energy ratio of 1.0319. Based on this study, this means
that the maximum annual electrical energy output enhancement for Baghdad is

3.19%. The main feature for this PCM is that the melting temperature is 36°C.

However, it can be seen from Figure 7-7, Figure 7-8, Figure 7-9, Figure 7-10,
Figure 7-11, Figure 7-12 and Figure 7-13 that when the thickness increased up
to 7cm, the energy output ratio also increased significantly. While, when the Al
foam PCM thickness increased from 7 cm to 15 cm, there is no considerable
increase in the energy ratio. In addition, it can be seen from these figures that
when the Al foam increased from 3 to 9 volume percentage, the energy ratio also
increased, very slightly, by 0.21%, from 1.0297 to 1.0319 for the PCM number 8.
In contrast, if Figure 7-3 is compared with Figure 7-7, it can be seen that the
energy ratios for 15 cm of PCM number 8, both without Al foam and with 3% of
Al foam, are 0.963 and 1.0297 respectively. This means that the energy ratio has

increased by 6.61% by adding only 3% of Al foam.

From Figure 7-7, Figure 7-8, Figure 7-9, Figure 7-10, Figure 7-11, Figure 7-12
and Figure 7-13, it can be seen that the PCMs with melting temperatures near to
36°C are better than the PCMs that have melting temperatures far from 36°C.
The melting temperatures for the PCMs number 1, 20, 25 and 26 are 18°C, 55°C,

55°C and 58°C respectively, and the energy ratios for these PCMs, are the lowest

143



among all of the 29 PCMs. The results take into account the ambient conditions,
such as the wind speed, air temperature and the solar radiation intensity
throughout a whole year. These conditions play a vital role in melting the PCM
during the day or in solidifying it during the night, which impacts the cooling of the

PV panel, which turns on PV panel electrical output.
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Figure 7-7 : The annual impact of the different PCMs with 3% Al foam for
different thicknesses on the electric energy output of the PV panel, Baghdad.
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Figure 7-8 : The annual impact of the different PCMs with 4% Al foam for
different thicknesses on the electric energy output of the PV panel,
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Figure 7-9 : The annual impact of the different PCMs with 5% Al foam for
different thicknesses on the electric energy output of the PV panel,

Baghdad.
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Baghdad.
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7.4.3 The results of optimum design for PV-PCM system metal foam

composite for Milan.

This section investigates the impact of using different PCMs with different Al foam
percentages on the annual PV panel electrical energy output for Milan. The
results for different Al foam percentages of 3%, 4%, 5%, 6%, 7%, 8% and 9%
have been presented in Figure 7-14, Figure 7-15, Figure 7-16, Figure 7-17,
Figure 7-18, Figure 7-19 and Figure 7-20 respectively. According to the results,
PCM number 21 has the highest annual electrical output, with a 14 cm thickness
and 9% Al foam percentage. The energy ratio for this optimal PCM is 1.04116.
According to the results, the best three PCMs for Milan are number 3, 21 and 29,
which have melting temperatures of 27°C, 27°C and 31°C respectively. While, the
worst PCMs are number 20 and 26, which have melting temperatures of 55°C
and 58°C respectively. This means the best PCM melting temperature for Milan
should be about 27°C.

From Figure 7-14, Figure 7-15, Figure 7-16, Figure 7-17, Figure 7-18, Figure 7-19
and Figure 7-20, it can be seen that when the thickness of the PCM increased up
to 7cm the energy ratio increased, but when the PCM thickness increased from
7 cm to 15 cm, there is no considerable increase in the energy ratio. In addition,
for Figure 7-20 with 9% Al foam percentage when the thickness increased from

14 cm to 15 cm, the energy ratio decreased slightly.

According to the results, when the Al foam volme percentage increased from 3%
to 9%, the energy ratio increased only slightly, as illustrated in Figure 7-21 by the
blue line. In Figure 7-21, the x-axis represents the thickness of the PCM number
21 and the y-axis represents the division of two energy ratios. In this figure, the
blue line represents the results of the energy ratio when using 9% Al foam [energy
ratio 3], divided by the energy ratio when using 3% Al foam [energy ratio 2]. It can
be seen from this blue line that there is no improvement when increasing the
percentage of Al foam from 3% to 9%. The red line represents the results of the
energy ratio when using 3% Al foam [energy ratio 2] divided by the energy ratio
of using a PCM without Al foam [energy ratio 1]. The results indicate that the
energy ratio has increased by 5.07% only when adding this 3% of Al foam for the

15 cm thickness PCM. Therefore, adding 3% of Al foam has a high impact in
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increasing the annual electrical output of PV panels for a whole year in Milan.
However, increasing this percentage to 9% does not have a considerable
improvement for the annual electrical output of PV panels for a whole year in

Milan.
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Figure 7-14 : The annual impact of the different PCMs with 3% Al foam for
different thicknesses on the electric energy output of the PV panel, Milan.
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Figure 7-15 : The annual impact of the different PCMs with 4% Al foam for
different thicknesses on the electric energy output of the PV panel, Milan.
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Figure 7-16 : The annual impact of the different PCMs with 5% Al foam for
different thicknesses on the electric Energy output of the PV panel, Milan.
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Figure 7-17 : The annual impact of the different PCMs with 6% Al foam for
different thicknesses on the electric Energy output of the PV panel, Milan.
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Figure 7-18: Annual impact of the different PCMs with 7% Al foam for different
thicknesses on the electric energy output of the PV panel, Milan.
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Figure 7-19: Annual impact of the different PCMs with 8% Al foam for different
thicknesses on the electric energy output of the PV panel, Milan.
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Figure 7-20 : The annual impact of the different PCMs with 9% Al foam for
different thicknesses on the electric energy output of the PV panel, Milan.
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7.5 Summary

This chapter presents the results of the best PCM and best thickness without and
with Al foam to produce the maximum electrical energy from the PV panel for two
cities: Baghdad and Milan. Firstly, the properties of 29 PCMs has been collected,
then the impacts of these PCMs with different thicknesses have been
investigated. The results indicate that the best PCM for Baghdad is FS30 from
(Khanna et al., 2018, Pluss, 2018) with 2 cm thickness and annual electrical
energy enhancement is 0.3%. While the best PCM for Milan is L30 from
(Weinlader et al., 2005) with 3 cm thickness and the annual electrical energy
enhancement is 0.5%. Secondly, the impacts of adding different Al foam
percentages to the PCMs with different thicknesses have been studied. The
maximum annual electrical energy of the PV panel have been enhanced by
3.19% and 4.11% for Baghdad and Milan respectively. These results are by using
PCM number 8 and number 21 from Table 7 with 9% of Al foam and 15 cm and

14 cm thicknesses for Baghdad and Milan respectively.
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Chapter Eight Conclusions And Future Works

8.1 Conclusions

One of the promising methods to cool down and increase the efficiency of
photovoltaic panels is through inclusion a phase change material. The first
novelty of this study is a new mathematical model, which is accurate, and very
quick computationally for the assessment of the impact on the efficiency of a
Photovoltaic (PV) panel by the attachment of a Phase Change Material onto the
panel. The new model is fully developed for a typical sized rectangular PV-PCM
assembly and the assumptions and their relevance are detailed. The Poisson
equation for transient one-dimensional conductive heat flow applies solely for the
PV layer and the heat generated is related to a portion of the solar heat flux
striking the panel. The Fourier equation applies for the other layers above and
below the PV of the assembly (glass, EVA, EVA and Tedlar) as well as the
aluminium layers of the container for the PCM. These equations are reduced to
an overall lumped equation by considering the average temperature within each
layer and intimate thermal contact between layers. The Stefan problem for the
phase change of the PCM is accommodated by the apparent heat capacity
methodology. Transient heat transfer by both thermal radiation and convection to
the surroundings occurs at the top and bottom faces of the overall assembly. A
numerical solution of the coupled ordinary and partial differential equations
representing the PV-PCM assembly is developed in MATLAB and a flow chart of
the algorithm is displayed. Convergence of the numerical solution is
demonstrated. The model is used to predict experimental data from the literature
over a 7 hour period. The model base of the panel and the top aluminium surface
of the PCM container predicts the trends of the experimental data very well and
the maximum relative error in the temperature difference of the PV panel is
6.47%. The computer computational times taken for the implicit method for the
both the lumped-distributed parameter model and fully distributed parameter
model to study a transient 18,000 seconds for the PV-PVM system are 16.813 s
and 525.045 s respectively with some conditions mentioned in results, while the
explicit solution has consumed 51,392 seconds to study 1 second of the PV-PCM

module.
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The second novelty is to implement the thermal contact conductance. To study
the impact of thermal conductance between the PV panel and the aluminium
container of the PCM, three cases have been investigated. These three cases
have differed in the following: In the first case, there is a contact adherence
between the aluminium container and the PV panel. In the second, there is no
contact adherence, and in the third case, there is 0.5 mm air gap. The results
show the maximum electric PV-PCM efficiency difference reaches 3.8 percent, if

comparing the first and third cases.

The third novelty is by more development for the mathematical models. This
development has been implemented by considering the impact of the volume
change of the PCM during phase change from solid to liquid. The results indicate
that the maximum temperature difference was 1.7954°C when considering the

volume change as compared with when volume change was not considered.

A novel comparison between using the apparent heat capacity of the PCM
depending on the temperature of the previous and current time step has been
implemented. The results show the temperature difference could reach 1.3053°C

with a relative error of 3.55 percent.

The lumped-distributed parameter model for the PV-PCM system has been used
to study the impacts of using 0.05 m of composite paraffin-PCM on the PV panels
and studying the performance over a whole year in Baghdad and Milan. Observed
data for the solar radiation of horizontal surfaces has been used for Bagdad.
Then, a mathematical model has been used to calculate the solar radiation for
the inclined surface. While in Milan, the solar radiation for inclined surface has
been downloaded from the SoDA HelioClim-3 v5 (SoDA, 2019). The results
indicated these changes have increased the year-round electrical energy output
by 1.96 and 2.39 percent in Baghdad and Milan, respectively.

The impact of the different types of PCMs on the annual electrical output of PV
panels depends on several factors such as the melting temperature, thermal
conductivity, latent heat, specific heat capacity, and thickness of the PCM, as well
as the ambient temperature, wind speed and the solar radiation intensity.

Therefore, in order to find the best PCMs for Baghdad and Milan, thermophysical
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properties of pure 29 PCMs have been collected. Fifteen thicknesses were
studied, ranging from one to fifteen cms, of each PCM and the annual electrical
output of the PV panel for Baghdad and Milan were investigated. The results
show that the best PCM for Baghdad is FS30, (Khanna et al., 2018, Pluss, 2018)
with two cm thickness and annual electrical energy enhancement of 0.3 percent.
While the best PCM for Milan is L30, (Weinlader et al., 2005) with three cm
thickness and annual electrical energy enhancement of 0.5 percent. These PCMs
have low impacts on the annual electrical enhancements due to their low thermal

conductivity.

In order to increase the thermal conductivity of the PCM, different Al foam
percentages, which ranged from three to nine percent, have been theoretically
combined with the pure 29 PCMs. The impacts of these different PCMs, with
different Al foam percentages and different PCM thicknesses on the annual
electrical PV output, were then investigated in both Baghdad and Milan. The
maximum annual electrical energy of the PV panel have been enhanced by 3.19
and 4.11 percent for Baghdad and Milan respectively. These results were
maintained by using the PCMs A36, (Products, 2013) and L30, (Weinlader et al.,
2005) with nine percent of Al foam and 15 and 14 cm thicknesses for Baghdad
and Milan respectively. In addition, the results indicate that the energy ratio has
increased by 5.07 percent only when adding three percent of Al foam for the 15
cm thickness PCM. Therefore, adding three percent of Al foam has an impact on
the annual electrical output of PV panels in Milan over a year. However,
increasing this percentage to nine percent does not make a considerable
improvement. Resulting in is 0.118 percent for the annual electrical output of PV
panels in Milan over a year. Increasing the PCM thickness from five to fifteen cm
has a little impact of 0.366 percent for the annual electrical output of PV panels

in Milan over a whole year.

8.2 Future works

There is further research related to this PhD study which could be implemented:
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8.2.1 First proposal

The impact of cooling the PV panel could increase the life span of the EVA layers
inside the PV panel and turns on increasing the life span of the PV panel.

Therefore, it would be worthy to investigate that.

8.2.2 Second proposal

The PCMs can be used to cool down the PV panel in solar street lights and
increase the efficiency of the PV panel. Figure 8-1 illustrates the main
components of the solar street light. In addition, the PCMs can be used to control
the temperature of the lithium iron phosphate inside the solar street light during
the day, especially in hot climates and increase the life span of the battery see It
can be seen in Figure 8-2 that the lifecycle of the battery reduced from about
4,250 cycles to about 2,030 cycles when the run temperature of the battery
changed from 25 to 55 °C. Moreover, the PCMs can be used to heat the battery
inside the solar street light during the night in cold countries to increase the

capacity of the battery see Figure 8-3.

1.Solar panel 2.Pathway LED indicator 3.Microwave sensor 4.MPPT controller 5.
LED source6. Lithium battery 7. Horizontal bracket 8. Vertical bracket

Figure 8-1: Solar street light (Bella, 2019).

Figure 8-2: The depth of discharge for the batter with number of cycles for
different temperatures (Gloria, 2019).
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Appendix figure 1: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, January.
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Append figure 2: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, February.
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Appendix figure 3: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, March.
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Appendix figure 4. Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, April.
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Appendix figure 5: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, May.
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Appendix figure 6: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, June.
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Appendix figure 7: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, July.
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Appendix figure 8: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, August.
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Appendix figure 10: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, October.
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Appendix figure 11: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, November.
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Appendix figure 12: Temperature trends for the PV-PCM & stand-alone PV panel Baghdad, December.
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Appendix figure 13: The electrical power production for 1 kw of the PV-PCM and 1 kw of stand-alone PV panel, Baghdad, January.
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Appendix figure 14: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, February.
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Appendix figure 15: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, March.
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Appendix figure 16: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, April.
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Appendix figure 17: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, May.
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— — —Electric power production for 1 KW PV panel with PCM
— — — Electric power production for 1 KW PV panel without PCIM
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Appendix figure 18: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, June.

184



July

— — —Electric power production for 1 KW PV panel with PCIM
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Appendix figure 19: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, July.
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Appendix figure 20: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, August.
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— — —Electric power praduction for 1 KW PV panel with PCM
— — — Electric power production for 1 KW PV panel without PCM
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Appendix figure 21: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, October.
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— — —Electric power production for 1 KW PV panel with PCM
— — — Electric power production for 1 KW PV panel without PCIM
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Appendix figure 22: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, November.
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— — — Electric power production for 1 KW PV panel with PCM
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Appendix figure 23: The electrical power production for 1 kW of the PV-PCM and 1 kW of stand-alone PV panel, Baghdad, December.
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