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ABSTRACT

With the recent increasing reliance on renewable energy, the interest in studying energy storage
technologies is increased, because renewable energy is volatile and not available all the time. The
latent heat storage system is considered the most promising technology in thermal energy storage
because of its many advantages. The most important feature of these systems that they have the
ability to store large amounts of thermal energy without a significant change in their temperature.
This technique uses phase change material (PCM) as thermal energy storage medium. However, low
thermal conductivity of PCM is the major drawback of the system. Previous studies indicated that
adding nanomaterial additives to PCM for enhancing the thermal conductivity is one of the most

common solutions for this problem.

Previous researches studied the possibility of using different types of materials as PCM, as well as
the effect of different types of nano additives on their thermophysical properties. They focused on
studying each nano-additive separately. Recently, limited number of studies have been published on
the effect of using more than one type of nano-additives together (nanohybrid) on the thermophysical
properties of PCM. Studies have shown that the addition of nanomaterials generally increases

thermal conductivity of PCM.

On the other hand, researches tended to study the possibility of using enhanced PCM to cool solar
cells. In fact, raising the solar cell operating temperature negatively impacts its efficiency. This
problem is considered one of the biggest problems of solar energy systems that researches are still
working to solve it. The researches' results about the ability to use paraffin as a PCM to cool solar

cells were positive.

This thesis presents a study about using nano additives to improve the thermal conductivity of phase
change materials and their ability to regulate the temperature of photovoltaic cell (PV) in a normal

operating temperature range thus improve its efficiency.



This study is a continuation of previous researches. The effect of nanomaterials' shape that was added
to PCM was taken into account. Therefore, this study focused on the possibility of enhancing the
thermal conductivity of paraffin by adding different shapes of silver nanomaterials to it (silver
nanoparticles, silver nanowires and nanohybrid with silver nanoparticles and silver nanowires).
Nanomaterials were added at volume fractions 0.5% and 1%. Then, the study examined the ability to
use this improved material on regulating and reducing the temperature of solar cells. We used the
"Solidworks" program to create a 3D system, and then we used the "Ansys Fluent" software to
simulate five cases:

» PV without PCM.

» PV with PCM.

» PV with PCM enhanced by nanoparticles.

» PV with PCM enhanced by nanowires.

» PV with PCM enhanced by nanohybrid (a mixture of nanoparticles and nanowires).
The thermophysical properties of PCM (which is temperature-dependent) were defined using a user-
defined function (UDF). After that, they were compiled to the Ansys fluent solver. Then, we ran the

simulation under a set of hypotheses that were taken into account.

The results of the five cases were analyzed and their ability to reduce PV temperature, and thus the
raise in its efficiency were clarified. We found that the addition of nanowires at a volume fraction 1%
led to the greatest improvement in the thermal conductivity of paraffin, but using PCM enhanced by
nanowire at volume fraction 0.5% gave the best results in decreasing the temperature of PV. The
average temperature of PV declined by 14.9 degrees (kelvin). In addition, the efficiency of PV rose
about 7.6%. Followed by using PCM enhanced by nanoparticles at volume fraction 1%. The average
temperature of PV declined by 12.9 degrees. Moreover, the efficiency of PV rose about 6.6%.
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CHAPTER 1: Introduction

1.1 Preface

In recent decades, population growth and economic growth have increased, which led to an increase
in energy demand. Primary energy consumption rose by 2.8% and 1.3% in the years 2018 and 2019
respectively [bp report, 2020]. On the other side, in 2020, primary energy consumption declined by
4.5%, which is the largest drop since 1945, this is due to the impact of COVID-19 on energy markets
[bp report, 2021]. After COVID-19 subsides, the energy consumption is predicted to rise until 2050
as population and economic growth [AEO2022 Narrative, 2022]. Carbon dioxide (CO2) emissions
rise along with an increase in energy usage. In 2021, CO> emissions related to global energy have
been raised by 1.2 billion tons. The raise in electricity demand along with a growth in the usage of
coal are responsible for nearly 30% of this increase [IEA report, 2021]. This negatively affects the

environment and the global climate.

Renewable energy is the realistic choice to cover the rise in energy demand and at the same time to
not increase CO> emissions. Renewables were responsible for 38% of global installed capacity by the
end of 2021. In 2021, the world aggregated almost 257 Gigawatts (GW) of renewables, also Solar
power alone was responsible for more than half of the renewable installations which was recorded
133 GW, followed by 93 GW of the wind energy overall [IRENA, 2022]. However, renewable
energy sources are intermittent, for example, solar energy is not available at night. Thus, storing the
excess energy during the time when it is available and using it at the other time when it is not

available is the solution to ensure that the system works all day.

Recently, the storage of energy mainly depends on Li-ion batteries, in spite of the environmental
pollution that such batteries caused [Gadhave et al., 2021]. Another method of energy storage that
has been introduced in recent decades and has attracted many researchers is the thermal energy
storage (TES). There are three types of TES techniques: latent heat storage (LHS), sensible heat
storage (SHS) and thermochemical heat storage [Gadhave et al., 2021; Tao and He, 2018]. In LHS
system, phase change material (PCM) is employed as a thermal energy storage medium. PCM is any
material that can store or release thermal energy through melting and solidification process. PCM

store energy when it transforms from a solid state to a liquid state (melting process), and this material



releases stored energy when it changes from a liquid state to a solid state (solidification process).

[Tao and He, 2018; Tofani and Tiari, 2021].

Presently, LHS is the most promising technique and has many applications due to its many features,
like; large energy storage density, melting and solidification cyclic at constant temperature, large
array of PCMs and Small volume [Tao and He, 2018; Gadhave et al., 2021; Tofani and Tiari, 2021;
W. Liu et al., 2021]. There are many articles that have been published on the applications of LHS
systems and PCMs types and their properties. The major drawback of LHS is low thermal
conductivity of PCM [Tao and He, 2018; Tofani and Tiari, 2021; W. Liu et al., 2021; Sharma et al.,
2021], which ranges between 0.2 W m'K! and 0.4 W m™'K™! [Sharma et al., 2021].

Low Thermal Conductivity (TC) negatively affects the performance of PCMs, which results in a low
heat transfer rate and very long time of charging and discharging thermal energy (melting and
solidification process) [Tofani and Tiari, 2021; Tao and He, 2018]. Enhancing the TC of PCM
maximizes the efficiency of the system. Therefore, many researchers aimed to enhance the TC of
PCM. Most common techniques include of fin, metallic foam and nanomaterial additives [Yang et
al., 2020]. Improving the TC of PCM is positively reflected on all their applications, which includes

improving thermal management of photovoltaic cells (PV) using PCMs.

The raise of PV operating temperature negatively influences its electrical efficiency and its life span.
Moreover, it rises its payback period [Preet, 2021]. When the PV temperature increases above the
range of 25-27 °C, the electrical energy starts to drop because of heat expansion in the system
[Hassan et al., 2020]. Previous study pointed out that temperature rising leads to decrease the PV
electrical output by 0.4-0.65% per degree [Breeze, 2016; Sharma et al., 2021]. Therefore, the PV
thermal management system is necessary to regulate the PV temperature in a normal operating

temperature range thus improve their efficiency.

In this thesis, we present a study about using silver nano additives to enhance the thermal
conductivity of paraffin as a PCM. Followed by an analysis of the ability of this improved material to
decrease the PV temperature thus improving its efficiency. Ansys fluent software is used to simulate
a 3D system. This thesis contains five chapters; the first chapter includes an introduction and

literature review. The second chapter presents the theory of the thesis. The third chapter explains the



method applied to achieve the aim of the thesis. The fourth chapter discusses the results that are

obtained, and the last chapter shows the conclusions and future work.

1.2 Objectives and Methodology

* Objectives:

1) To present a study on improving the efficiency of solar cells through cooling using enhanced PCM
by adding nanomaterials.

2) To investigate the impact of volume fraction and shape of the added nanomaterials on the thermo-
physical properties of PCM (paraffin).

3) To make a comparison in the performance of enhanced PCM using either nanoparticles,
nanowires, or hybrid nanomaterials in cooling the PV and enhancing its efficiency, and to conclude

which one is the most effective approach among them.

* Methodology:

1) Reviewing previous studies which related to enhancing the efficiency of PV through cooling using
PCM enhanced by adding nanomaterials.

2) Analyzing solar irradiation in Palestine.

3) Collecting data related to the composition of PV module and the thermo-physical properties of PV
layers.

4) Gathering data about thermo-physical properties for both PCM and nanomaterials that we used.

5) Simulating PV system and PV-PCM system using “Ansys fluent” software.

6) Simulating PV with PCM enhanced by nanoparticles, nanowires and nanohybrid.

7) Presenting the results, conclusions and comparing outcomes.



1.3 Literature Review

The nanomaterials added to PCM in previous studies can be divided, based on their shape, into
several types, first zero dimensional (0D) which is a nanoparticle, one dimensional (1D) such as
nanotubes and nanowires, two dimensional (2D) as nanoplates and three dimensional. If more than

one type of nanomaterial have been used together, this case is called nanohybrid.

1.3.1 Adding nanoparticles to phase change materials (0 D)

Siahkamari et al, have accomplished an experimental examination of using PCM in PV cooling. In
their experiment, they used sheep's grease as a PCM and then enhanced it by adding CuO
nanoparticles to the PCM. Their results indicated that using improved sheep's grease by adding
nanoparticles led to decline in the average temperature surface of PV by 14.2 °C compared to the
cases of using pure sheep's grease, and the maximum produced power is risen by about 24.6% to
26.2% [Siahkamari et al., 2019]. Sharma et al, also have worked out an experimental study. In their
study, they used two types of nanoparticles (Al,O3; and CuO) at different volume concentrations to
enhance paraffin TC. This study came out that the thermal conductivity rises when any of the
temperature or the nanoparticles concentration increase. The Maximum enhancement was 19 % when

PCM has been improved by CuO at 70°C [Sharma et al., 2018].

Another experimental study was conducted by Nada et al, in which they used Paraffin (RT56) as
PCM with AbO3 nanoparticles. Results demonstrated that using PCM with nanoparticles increases
the ability to manage and reduce PV temperature, hence increasing its efficiency. For pure PCM and
PCM enhanced by nanoparticles, the PV temperature decreased by 8.1°C and 10.6°C, respectively,
and its efficiency incremented by 5.7% and 13.2% [Nada et al., 2018]. Salem et al, experimentally
found that PV temperature dropped by 14.5 °C when using Calcium chloride hexahydrate as PCM
with Al,O3 nanoparticles. Their outcomes showed that electrical efficiency and thermal efficiency
were improved by 22.7% and 78% respectively. The Maximum rise in energy efficiency was 52.3%
[Salem et al., 2019]. Al-Waeli et al, presented experimentally the impact of using nano-PCM on the
photovoltaic thermal system (paraffin waxes as PCM and SiC as nanoparticles). They found out that

the maximum minimizing of PV temperature's value was 17°C, and this decrease in temperature



caused an enhance in the electrical efficiency of PV from 7.1% to 13.7%. Besides, the system

improved and its thermal efficiency reached to 72% [Al-Waeli et al., 2017].

Aurangzeb et al, experimentally proved that using nanoparticles in PCM enhanced the heat transfer.
They used two types of PCMs (RT26 and coconut oil) and two types of nanoparticles (Fe3Os and
ADO3). The results denoted that the maximum improvement in heat transfer when using RT26
enhanced by Fe3O4 and AlOs3 reached up to 20.01% and 36.68% respectively. Moreover, the
maximum improvement in heat transfer when using coconut oil enhanced by Fe3;O4 and AL2Os is up

to 8.83% and 14.84% respectively [Aurangzeb et al., 2022].

In addition to the many experimental researches, which studied improving PCMs by adding
nanoparticles, there are some numerical studies in this field. The performance of LHS devices
integrated with enhanced PCM by Al;O3 nanoparticles was numerically simulated by Akhmetov et
al. PCM is paraffin waxes. The results demonstrated that using nano-PCM improved the ability of
heat transfer and thus led to enhancing the charging and discharging efficiency. The full charging
time decreased by 57 min and 106 min when using enhanced PCM with 2 wt% and 4 wt%
nanoparticles respectively. Additionally, the full discharging time declined by 32 min and 74 min
[Akhmetov et al., 2019]. Zarma et al, numerically studied the effect of adding nanoparticles to
enhance the TC of PCM. They used four different PCMs namely; pure salt hydrate, eutectic of capric
—palmitic acid, n- octadecane paraffin and dodecanol. Oxide nanoparticles (CuO) which been used to
enhance the four PCMs. The results pointed out that thermal conductivity of nano-PCM is greater
than the pure PCMs [Zarma et al., 2017]. A 2D numerical model was developed by Sushobhan and
Kar to simulate the melting process of nano-PCM (n-octadecane with CuO nanoparticles). They
concluded that TC improved compared with conventional PCM, thus heat transfer became higher and

the melting rate became fast, as a result, the melting time decreased [Sushobhan and Kar, 2017].

1.3.2 Adding nanowires and nanotubes to phase change materials (1D)

Liang et al, experimentally checked the impact of adding MnO; nanowires and nanotubes in PCM,

which was palmitic acid. They observed that the TC of nano-PCM (NPCM) was greatly improved by

the integration of MnO: nanotubes and nanowires with a maximum value of 377.16% compared to

pure palmitic acid. The NPCM also showed an excellent thermal stability of recyclability. Only 2.8%

of the latent heat was lost after 100 melting / solidification cycles. [Liang et al., 2018]. Karaipekli et
5



al, detected that adding the Carbon nanotubes in mass fraction of 1 wt%, caused a considerable rise
in the TC of the perlite/paraffin composite (when it used as a PCM) up to 113.3%. And the total
melting and freezing period were reduced appreciably due to the TC enhancement [Karaipekli et al,

2017].

In addition, the impact of adding multiwalled carbon nanotubes was experimentally studied on the
thermal properties of lauryl alcohol as a PCM. The results indicated that the addition of multiwalled
carbon nanotubes significantly rose the TC of lauryl alcohol, and the maximum increase in the TC of
lauryl alcohol happened when adding 5 wt% of multiwalled carbon nanotubes to it [Chinnasamy and
Cho, 2022]. Moreover, Bocharov et al indicated that adding carbon nanotubes to paraffin at 10 wt%
leads to enhance the TC by about 100% [Bocharov et al., 2020].

1.3.3 Adding hybrid nano additives to phase change materials

Pasupathi et al, showed an experimental study of the thermophysical properties of paraffin under the
effect of different mass fractions of hybrid nanoparticles which were SiO; and CeO> nanoparticles
(50%:50%). The results pointed out that the TC of the paraffin was enhanced by about 165.56%
when adding nanohybrid in it. Using 1wt% nanohybrid, gave a better result comparing to the result
for higher mass fractions, and this result caused an increase in the TC without too much reduction in
the latent heat of the paraffin [Pasupathi et al., 2020]. Another experiment was conducted by Qu et al
to study the impact of adding nanohybrid on the TC of Paraffin-HDPE SSPCM. This nanohybrid
consist of two types of carbon nano additives, which were expanded graphite multiwalled carbon
nanotube (nanol) and expanded graphite carbon nanofiber (nano2). They tested five mass ratios of
nanol:nano2, the largest TC was obtained when the mass ratio was 4:1. The TC reached 1.36 Wm"
L.K! with an improvement of 444% compared with using the pure paraffin [Qu, Wang, Zhou and
Tian, 2020].

A numerical study concentrated on thermal performance of the hybrid nano-PCM (HNPCM). The

effect of adding hybrid nanoparticles TiO2—CuO (50%—-50%) was studied at different small mass

fractions on the TC. The outcomes demonstrated that both TC and density of PCM were improved by

adding hybrid nanoparticles, but at the same time, it reduced the stored energy. When nanohybrid

was added at 1 mass %, the average charging time improved by 27.33 %, but the stored energy was

reduced by 3.88%. Moreover, the discharging time was decreased by 30.52% [BENLEKKAM and
6



NEHARI, 2022]. Another nanohybrid included Al nanoparticle and coated C was tested
experimentally to enhance the TC of sodium sulfate decahydrate which was used as PCM. It was
observed that adding about 3 wt% of this nanohybrid to PCM led to an increase in TC by 26.41% (at
30 °C) and also led to a decrease in the solidification latent heat enthalpy by 5.13% [X. Liu et al.,
2021]. Aslfattahi et al used the MATLAB program to survey the ability of using hybrid Graphene-
Silver (Gr-Ag) nanomaterial to enhance the TC of paraffin. They found that adding nanohybrid at
0.3% mass concentration to PCM leads to enhancing the specific heat capacity about 40%. Moreover,
the highest TC increment is about 11%. In addition, the thermal efficiency incremented by 4.16%
compared with the case of using pure PCM [Aslfattahi et al., 2020].

An experimental study was done to examine the thermal properties of paraffin (RT-28HC) enhanced
by nanomaterials at 1wt%. In this experiment, four types of nanomaterials were used, graphene
nanoplatelets (GNP), multiwall carbon nanotubes (MWCNT), aluminum oxide and copper oxide.
The results showed that the HNPCM with GNP-MWCNT at mass percentage ratio of 75%-25% had
the highest TC compared with the case of using one type of nanomaterial [Arshad, Jabbal and Yan,
2020]. Ibrahim et al, studied the stability and the TC of Iraqi paraffin when dispersing hybrid
nanoparticles TiO,-MgO (50%:50%) in it. The TC of HNPCM was enhanced and the highest
obtained value was 24.92%. Furthermore, the HNPCM demonstrated excellent stability for more than
90 days. Hence, the study concluded that using Iraqi paraffin enhanced by nanohybrid suits solar
energy applications [Ibrahim et al., 2022].

Zou et al conducted another experimental survey about the possibility of enhancing the TC of PCM
(which is one of the paraffin types) by using graphene and carbon nanotubes as nano additives.
Outcomes illustrated that HNPCM with MWCNT-graphene at mass ratio of 3-7 gave the best
improvement in heat transfer. The TC was incremented by 31.8%, 55.4% and 124% compared with
the case of using PCM with graphene only, PCM with MWCNT only and pure PCM respectively
[Zou et al., 2018].

Through our review of previous studies, we found that they focused on studying each nano-additive
separately. On the other hand, few published studies discussed the effect of using more than one type
of nano-additives together (nanohybrid). Our thesis is a continuation of previous studies, as we took

into consideration the effect of added nanomaterials' shape, and we focused on the possibility of



enhancing the TC of paraffin by adding different shapes (nanoparticles, nanowires and nanohybrid)

of silver nanomaterials.

CHAPTER 2: Theory

In recent decades, there has been a great reliance on renewable energy, particularly, the solar energy,
which requires more attention and work to increase the efficiency of solar energy systems,
furthermore, study and develop energy storage methods. Because the renewable energy is
intermittent and not available all the time. In this thesis, work has been done to improve the

efficiency of the PV system by cooling it using one of the thermal energy storage methods.

In this chapter, we focus on explaining the thesis theory. This chapter is divided into four sections.
The first section concentrates on explaining the thermal energy storage systems and their types.
While the second section focuses on the PCM's types and the different methods that were used to
improve their thermophysical properties. The third section includes a thermal analysis and heat

transfer of PV. Finally, the fourth section contains of the cooling techniques of PV.

2.1 Thermal energy storage

One of the energy storage methods is thermal energy storage (TES) that researchers recently pay
attention to. The TES is a technology that absorbs the thermal energy and stores it by heating a
specific material (a storage medium) [Sarbu & Sebarchievici, 2018]. TES has three groups; Latent
Heat Storage (LHS), Sensible Heat Storage (SHS) and Thermochemical Heat Storage (THS)
[Gadhave et al., 2021; Tao and He, 2018; Sarbu & Sebarchievici, 2018; Alva et al., 2018]. The
thermal energy in SHS is absorbed and saved by increasing the storage material's temperature
without changing its physical phase. This energy is released when the material's temperature is
decreased. The storage material may be liquid or solid. This method has advantages and at the same
time several drawbacks, such as low storage capacity and a large volume requirements [Enescu et al.,

2020].



In THS, the thermal energy is stored and released through a reversible chemical reaction. Although
this technology has a high thermal energy storage density, it faces many challenges represented by

the high cost, toxicity, low system life [Enescu et al., 2020].

In LHS, the thermal energy is stored and released through a phase change process of materials. The
materials used in LHS systems are called PCM. The thermal energy in these systems is absorbed and
stored through the transition state of PCM from solid phase to liquid phase (melting process), and
when PCM changes from liquid phase to solid phase (solidification process), this energy is released.
Which means that the charging and discharging cycle in these systems is melting and solidification
processes [Tao and He, 2018; Tofani and Tiari, 2021; Enescu et al., 2020]. Comparing the three types
of TES, the LHS type is the most promising method for TES thanks to its many features, which is
better than the other two types. Its features are melting and solidification cyclic occurs at almost
constant temperature, large energy storage density, small volume and large array of PCMs [Tao and
He, 2018; Gadhave et al., 2021; Tofani and Tiari, 2021; W. Liu et al., 2021; Sarbu & Sebarchievici,
2018; Ma et al., 2019].
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Figure 1: (i) Melting process. (ii) Solidification process.

2.2 Phase change materials

In previous studies, different types of materials were used as PCM. The materials that are used as
PCMs should have some characteristics such as chemical stability, high density, high TC, high latent
heat, nonreactive, long life cycle and minimum or no change in volume after freezing or melting
[Sharma et al., 2021; Ma et al., 2019]. Moreover, safe, eco-friendly and effectiveness of cost [Ma et
al., 2019].



2.2.1 Phase change materials types and properties

The types of PCM are classified into three main groups; inorganic PCM, organic PCM and eutectic
PCM [Sharma et al., 2021; Irfan Lone & lJilte, 2021; Preet, 2021]. Organic PCMs are classified as
paraffin and nonparaffin [Preet, 2021; Irfan Lone & Jilte, 2021]. Organic PCM has many features;
however, its low TC is a major drawback [Sharma et al., 2021; Preet, 2021; W. Liu et al., 2021;
Tofani and Tiari, 2021]. The TC of organic PCM is low and the range of its value is between 0.18 to
0.24 W m'K"!', which negatively affects the heat transfer rate in the PCM. Thus, it limits its
efficiency in cooling PV during daytime. In addition, it has a negative impact on releasing this heat to

surrounding at night [Sharma et al., 2021].

Inorganic PCM includes salt hydrates and metals. Inorganic PCMs have higher TC than organic
PCMs, and many other advantages. Nevertheless, it has many disadvantages which are summarized
in previous articles [Sharma et al., 2021; Preet, 2021; Seto et al., 2021; Irfan Lone & lJilte, 2021;
Sarbu & Sebarchievici, 2018], therefore, it is difficult to deal with it. Eutectic is a mixture of at least
two types of PCMs, which can be inorganic—inorganic, organic—organic and organic—inorganic [Ma
et al., 2019; Sharma et al., 2021; Preet, 2021]. The aim of mixing two or more types of PCMs is to
attain the required properties [Ma et al., 2019].
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Figure 2: The PCM's categories [Irfan Lone & Jilte, 2021].
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2.2.2 Enhancing thermal conductivity of phase change materials

The low TC affects the performance of PCM negatively; moreover, it minimizes their practical
application and energy utilization efficiency greatly [Cheng et al., 2021]. The low TC weakens the
rate of the heat transfer, so the time of charging and discharging thermal energy (melting and
solidification) becomes very long [Tofani and Tiari, 2021; Tao and He, 2018; Alva et al., 2018].
According to previous studies, various efficient techniques have been mentioned to rise the TC of
PCM. The most popular techniques are; addition fin, metallic foam, adding nanomaterial inside PCM

and encapsulation of PCM [Yang et al., 2020; Qureshi et al., 2018].

The application of metallic foam or metallic fin to enhance TC of PCM leads to increase the PCM's
weight and the PCM holders' fabrication cost. These two problems can largely be overcome by
adding nanomaterials to the PCM. The TC of PCM is enhanced by adding nanomaterials with high
TC in it, [Yang et al., 2020]. The nanomaterials additives are divided into; 0D additives (metal and
metal oxide nanoparticles), 1D additives (nanowires and nanotubes), 2D nanoadditives (nanosheets)

and 3D nanoadditives [Cheng et al., 2021; W. Liu et al., 2021].
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Figure 3: The PCM's thermal conductivity enhancing methods.

2.3 Thermal analysis and heat transfer of PV

The PV performance relies on a number of operational, environmental and physical conditions; also,
it depends on design constraints. For a typical PV, the percentage of the solar radiation that converted
into electricity ranges from 5-25% [Kant et al., 2016a]. Then, the remaining absorbed energy
converts into heat, which causes a rise in the PV temperature [Sharma et al., 2021; Kant et al.,
2016b]. The current value, which is resulted by PV, has slightly risen when the temperature of the
cell becomes greater, but the voltage is greatly dropped. Consequently, this lead to a drop in the

generated maximum power [Popovici et al., 2016].

The raise of the PV operating temperature negatively impacts its life span and its electrical
performance. Moreover, it rises its payback period [Preet, 2021]. When the temperature of PV
increases above 25-27 °C, the electrical energy begins to decline due to the rise in the system's
temperature [Hassan et al., 2020]. It is reported that temperature rising leads to decrease the PV
electrical output by 0.4-0.65% per degree [Breeze, 2016; Sharma et al., 2021]. So, the thermal
regulation of PV is crucial to manage the PV's temperature in a normal operating temperature range
to get the maximum benefit from the solar panels. Recently, the use of PCM in PV for thermal
regulation has attracted wide interest in this field, since the hybrid PV-PCM method can obtain
greater photoelectric conversion efficiency and the PCM's stored thermal energy can be extracted for

various uses. [Ma et al., 2019].

The PV efficiency depends on its temperature. The PV temperature depends on the heat transfers,
which happened through conduction, convection and radiation. The conduction is a way of heat
transfer in the solid parts of the PV-PCM system, which contains five layers of PV, Aluminum (Al)
box added behind the PV and PCM in solid state. The heat is transferred from the PV or PV-PCM
system to the environment by thermal radiation and convection from front and rear surface of the
system. The effective radiation that is released from the PV’s front surface and aluminum's back

surface mainly depends on the temperature of both surfaces, the surface emissivity, the surrounding
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temperature and the tilt angle. The heat transfers via convection from the PV to the surrounding
through natural convection and forced convection. Losing heat via forced convection requires
external force such as wind force. In the melted PCM, the heat transfers by convection and
conduction methods [Preet, 2021; Kant et al., 2016b]. Generally, the good heat transfer rate has

positive impact on minimizing the PV temperature.

2.4 PV cooling techniques

The PV's working temperature is a crucial factor that influences the PV's performance, so the PV
should be cooled to increase its efficiency. The cooling techniques of PV are usually classified into;
active cooling techniques and passive cooling techniques [Ma et al., 2019; Sharma et al., 2021; Kant

et al., 2016b].

The Active cooling method is a method that requires an external mechanical device to pump the
required air or water to cool the PV. The PV performance can be improved by this strategy, but it
requires an external source. This power is subtracted from the energy produced by the PV, which
minimizes the PV's net output power. Moreover, it needs high initial and maintenance cost [Sharaf et
al., 2022]. The Passive cooling method relies on nature to cool the medium, which is highly based
on; PCMs, liquid (nanofluids, etc.), air and the sky radiation [Ma et al., 2019]. The passive cooling
method is simple, easy and low cost, at the same time it has low heat transfer rate, so the PV

performance is not highly enhanced [Sharaf et al., 2022].

The PCM cooling method, is one of the passive cooling technologies. It is regarded as one of the
effective upcoming techniques for PV cooling. Because of that, the PCM absorbs a great amount of
heat without obvious rise in its temperature, and there are no moving parts or external energy sources
required for this method. As a result, PV-PCM systems typically offer better cooling performance
than other passive cooling methods such as natural air and water cooling; also, it requires less
maintenance cost than active cooling methods. [Ma et al., 2019]. Because of the low TC of the PCM,
the PCM's efficiency is reduced. Therefore, improving the cooling performance requires that the TC
of the PCM should be optimized by adding another component to it [Sharaf et al., 2022] such as

nanomaterials.
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Figure 4: The different cooling techniques of PV.

Chapter 3: Solar radiation

3.1 Solar radiation in Palestine

The Middle East region is renowned for its abundant solar radiation levels, positioning it as a region
with vast solar energy potential. Palestine, as one of the Middle East's countries, so it benefits from
this potential. Palestine is boasting by having approximately 3000 sunshine hours per year. It also
particularizes with a high annual average of solar radiation, reaching 5.4 kWh/m?/day on a horizontal
surface. The solar radiation on a horizontal surface varies throughout the year, ranging from 2.63

kWh/m?/day in December to 8.4 kWh/m?/day in June [Juaidi et al., 2016].

In Palestinian regions, there is a variation in the irradiation levels, and this lead to classifying
Palestine into three distinct areas. The areas with the highest irradiation levels are mostly situated in

the middle and southern regions. Meanwhile, the areas with medium irradiation cover the Jordan
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Valley and the northern hilly regions of Palestine. Lastly, the areas with low irradiation, which
represented by the yellow color, are widespread in the northern areas of the West Bank [Rabi and
Ghanem, 2016].
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Figure 5: Global horizontal irradiation (GHI) in West Bank and Gaza [GLOBAL SOLAR ATLAS, 2019].

Hebron city is located in an area, which is characterized by high levels of irradiation. The monthly
Global Horizontal Irradiance (GHI) data for Hebron city are presented in the table below. These data
were collected from the Atlas of Solar Resources of the State of Palestine in 2014 [Rabi and

Ghanem, 2016]. The highest GHI values were recorded in June and July, and these values reached

263 kWh/m?. Conversely, the lowest GHI value was observed in January and it measured 76

kWh/m?.

Min Max Average
_ 127 183 157
_ 162 215 187
_ 214 254 237
_ 244 263 256
_ 248 263 256
_ 231 240 236
_ 176 200 190
_ 132 161 147

Table 1: Monthly of GHI in Hebron city [Rabi and Ghanem, 2016].

In a study conducted by Alsamamra, it was observed over a 4 years period (from January 2007 to
December 2010) that the highest values of sunshine duration in Hebron occurred in June and July,

with an average duration 11.86 hours and 12.05 hours, respectively. Conversely, the lowest sunshine
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duration was recorded in December, with an average duration 5.14 hours [Alsamamra, 2013].
Additionally, the highest solar radiation in Hebron was reported 7.51 kWh/m2/day in June of 2010,

while the lowest solar radiation occurred in January [Juaidi et al., 2016].

According to the data from National Solar Radiation Database (NSRDB), the GHI values were
obtained for every hour in every day in the years 2017, 2018 and 2019 in Hebron. The highest and
lowest daily GHI values occurred in 2017, reaching 8989 W/m?*/day (in June) and 209 W/m?/day,
respectively. The average daily irradiation for the years 2017, 2018 and 2019 was 5670 W/m?*day,
5463 W/m?/day, and 5565 W/m?day, respectively [NSRDB]. Additionally, when examining the
hourly GHI values, it was observed that from about the second half of May until the beginning of
August, we have solar radiation of approximately 1000 W/m? which extending almost for two
consecutive hours at noon. Since in our study, we assumed a constant solar radiation value of 1000
W/m? and conducted the simulation for two consecutive hours, Hebron would be a suitable location
to conduct this study as it has a favorable solar radiation condition, which aligning with the study's
assumptions. Certainly, if the study is conducted in the areas that experience significantly different

solar radiation than the assumptions considered in the study, and that may yield to different results.

3.2 The effect of Solar irradiation on the PV temperature

Solar irradiation plays crucial role in determining the temperature of PV cells. The higher solar
radiation levels result an increased in PV temperatures [Zhou et al., 2015; Maan et al., 2018]. The
elevation of PV temperature has been recognized as a primary factor that lead to decline PV's output.
Multiple studies have examined this relationship and have reported consistent findings. For example,
Nasrin et al. conducted a numerical simulation on photovoltaic thermal system, which observed that
for each increment of 100 W/m? in solar irradiation, the solar cell temperature increased by
approximately 1.85°C. Their study encompassed an operating irradiation that ranges between 1000 to
3000 W/m? [Nasrin et al., 2017]. Similarly, Bahaidarah et al. conducted numerical and experimental
analysis of a PV-water cooled hybrid system with an operating irradiation range between 240 to 979
W/m?. They found that for every increase of 100 W/m? in irradiation level, the PV temperature

increased by approximately 1.9°C [Bahaidarah et al., 2013].
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In another study by Rahman et al., with an operating irradiation range between 312 to 995 W/m?, it
was observed that the PV temperature increased by around 3.82°C for each increase of 100 W/m? in
irradiation level [Rahman et al., 2017]. All these studies demonstrate a consistent trend: as solar

irradiation levels increase; PV temperatures rise accordingly.

CHAPTER 4: Preparation and Analysis Method

This chapter includes three sections. The first one describes the physical model that was used to
study the impact of adding nanoparticles, nanowires and nanohybrid on PCM in order to manage and
reduce the PV's temperature. The second section explains the numerical model and shows the
mathematical equations that describe the PCM's thermo-physical properties. In the third section, the
work steps that were accomplished on the Ansys Fluent will be explained, and the assumptions and

limitations were taken into consideration in the simulation will be deconcentrated.

4.1 Physical system description

PV module contains five layers with different thermo-physical and optical properties [Kant et al.,
2016a], which are given on the tables below. In the first case, the prevailing PV panel is used for
thermal analysis without any additives. In the second case, an aluminum box filled with paraffin
PCM has been added below the PV module to reduce PV temperature as shown in figure 6 [Kant et
al., 2016b]. The thermo-physical features of the aluminum box that used in the second case and PCM

are also given on the tables below.
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Figure 6: diagram of physical system.

Table 2: Thermo-physical properties and thickness of PV module layers [Charles Divyateja et al., 2021]

In the remaining three cases, PCM was enhanced with silver nanomaterial. In the third case, it was
enhanced by silver (Ag) nanoparticles. In the fourth case, it was enhanced by Ag nanowires.
However, in the last case, it was enhanced by a hybrid of Ag nanoparticles and Ag nanowires with a

percentage of (50%-50%). In these last three cases, two different volume fractions of Ag
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nanomaterial were studied, which are 0.5% and 1%. In all cases, the tilt angle will be zero so the PV

module becomes in a horizontal position.

Table 3: Thermo-physical properties of PCM (RT25HC) [Charles Divyateja et al., 2021] and Ag [Biiyiik Ogiit,
2009].

Solid 785
10500

Liquid 749

Solid 1800
235

Liquid 2400

Solid 0.19
429

Liquid 0.18

26.6
232000
0.001798

4.2 Numerical model

The heat transfer diffusion equation has been utilized for the PV, Al box and PCM, which takes the
form below [Kant et al., 2016b]:

oT
pCyr + V.(=KVT) + pC, T.VT =0 (1)

p, C, and k represent the density, specific heat and thermal conductivity, respectively. i is velocity
field (m/s). T and t denote the temperature and time respectively. This equation consists of three
terms. The First one represents the rate of temperature's change in the solid or fluid region, also
known as the unsteady term. The second term is the heat flux due to conduction. The last one
represents convection energy transfer [Ansys Fluent Theory Guide]. In the solid parts of the system,

the convection energy transfer term and velocity field equal zero, and so equation (1) becomes:
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oT
pCy=- =0 (2)

The density and TC of the PCM depend on the PCM's temperature. They were modeled as [Kant et
al., 2016b]:

P pcm (T) = Psolid + (,0 liquid — psolid)B(T) (3)

kPCM (T) = ksolid + (k liquid — ksolid)B(T) (4')

Function B (T) given as:

0 , T<T,— AT
T— T, + AT
B(T) = Z’ZT , Tm— AT < T < T, + AT Q)
1 ,  T>T,+ AT

When T < T, — AT, PCM will be in the solid state, B(T) equals zero, so p pcy(T) and k pep (T)
equal p g and k g;i4 respectively. When T > T, + AT, PCM will be in the liquid state, B(T)
equals one, so ppcy(T) and k pey(T) equal pigyiqg and k jigyiq respectively. In interval [T, —
AT ,T,, + AT], PCM will be in the transition zone, B(T) changes linearly and so both
P pem(T) and k pep (T) will be changed.

The specific heat of PCM was modeled as [Kant et al., 2016b]:

C P pcm (T) = C P solid + (C D liquid C p solid) B(T) + L D(T) (6)
Function D(T) given as:

CI=Tn) /372
D(T) = e' ar? ' (7)
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D is a function that depends on temperature, thus, the PCM's specific heat changes when the
temperature of PCM changes. D is a function that always equals zero, except in the transition region.

So, C (T) equal C and C are in solid phase and liquid phase respectively. In

b pcMm D solid D liquid

transition region, C (T) is changeable according to the equation (5).

P pcM

The viscosity of PCM also depends on the temperature which was modeled as [Groulx et al., 2020;

Charles Divyateja et al., 2021]:
(M) = p (1+A)) (8)
And A(T) given as:

¢ (1 — B(T))?
B(T)3 + ¢ )

A(T) =

C,, is a constant value which ranges between 10* and 107 [Kant et al., 2016b]. In our study, the value
of ¢, is 10° because the PCM viscosity is high in the solid state. £ equals 10, which is an extremely

small number to avoid division by zero when B(T) equals zero.

After adding Ag nanoparticles or Ag nanowires to PCM, the PCM's thermo-physical properties will
be changed. The density and specific heat for the NPCM were got from [Vajjha et al., 2010; Zarma et
al., 2017; Sushobhan and Kar, 2017; Khanjari et al., 2016]

PnpcM = PPnp T (1- go)ppcm (10)

i (P(PCP) np + (1 - (P) (pCP) pcm

P NPCM

C (11)

P NpPcMm

@ 1s the volume fraction of nanoparticles or nanowires.

The latent heat for NPCM given as [Zarma et al., 2017; Sushobhan and Kar, 2017]:
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1-— L
Lnpem = ( ;pzp(fM ) P (12)

Batchelor’s model is used to express the viscosity for NPCM [Batchelor, 1977; Qiu et al., 2020; Zhu
etal., 2018]:

tnpem = (1+ 2.5¢ +6.2¢%) upcy (13)

Thermal conductivity for NPCM is expressed by Hamilton model. Because this model takes into

consideration the shape of nanomaterials [Hamilton & Crosser, 1962; Fang et al., 2014];

knp + (m—Dkpey — (n— Dk pey — k np)
knp+ Mm—Dkpey + @k pey — knp)

knpcm = k pcm (14)

Where n = 3/%¥ , and W is sphericity. n equals 3 for spherical nanomaterial (nanoparticle). The

diameter of the nanoparticles was considered 50 nm. For nanowire, n equals 17.12, ¥ was calculated

1 2
w3 (6V)3

according the equation ¥ = . Where V and A are the volume of nanowire and surface area

of nanowire respectively. In this study, the diameter of the nanowires was considered 60 nm and the

length 25 pm as in [Gu et al., 2013].
When hybrid nanomaterials were used to improve PCM, we obtained new properties for the resulting

material. The thermophysical properties of hybrid nanoPCM (HNPCM) can be presented through the
following mathematical equations [Ghadikolaei et al., 2017; Faraji et al., 2021]:

punpcy = (1= @)1 = @1) ppem + @1 ps1] + @2 ps2 (15)

. (1- ‘Pz)[(l — 1) Cypeu + @1(p Cp)s1] + 0200 Cy)s2
P HNPCM

(16)

(P) unPcm

_ Hpcm
NP = (1= 91~ 907

(17)
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_ (p Lpem(1 — ¢1)(1 — ¢3)
Lanpem = (P) unpPcm (18)

ks, + (ny — Dk ppey — (M2 — D)@ (k ppem — K s2)

k = k 19
HNPCM ks; + (ny — Dk ppey + @2(k ppem — Kk s2) bPCM (19)

Where

Kppon = ksi + (g — Dk peyy — (g — D1 (kpey — ks1) K peny (20)

ki + (g — Dkpey + @1(kpey — k1)

¢, and ¢, are the volume fraction of nanoparticles and nanowires respectively.

4.3 Numerical simulation

There are two methods that can be used to simulate the phase change process. These methods are the
effective heat capacity method and the enthalpy porosity (EP) method [Garcia-Fuente et al., 2022;
Reichl et al., 2022]. For more information about these two methods, you can refer to Reichl's article

[Reichl et al., 2022].

In this work, EP method is used by activating the solidification and melting model in Ansys Fluent.
In this technique, the melt interface is not tracked explicitly. Instead, a quantity called the liquid
fraction, which indicates the fraction of the cell volume that is in liquid form, is associated with each
cell in the domain. The liquid fraction is computed at each iteration, based on an enthalpy balance.
The mushy zone is a region in which the liquid fraction lies between 0 and 1. The mushy zone is
modeled as a "pseudo" porous medium in which the porosity decreases from 1 to 0 as the material
solidifies. When the material has fully solidified in a cell, the porosity becomes zero and hence the

velocities also drop to zero [Ansys Fluent Theory Guide].
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Case I:

Solidworks software was used to create 3D geometry for prevailing PV panel that consist of five
layers. The 3D geometry for prevailing PV panel was designed with dimensions 160*100*4.4 mm,
4.4 mm is the PV's thickness, which is the sum of the five layers' thickness that make up the PV
mentioned in table 2. Then, the mesh was created on Ansys fluent software after importing the
geometry (the mesh details are mentioned in appendix A). After that, the pressure-based solver and
transient state options were selected. Next, the gravity was added. In physics models, we specified
the energy equation to solve heat transfer in the PV's five solid layers. The layers' thermo-physical
properties, which are shown in table 2, are fixed. Then, initial and boundary conditions were defined.
In solution methods, SIMPLE scheme was selected for Pressure—Velocity Coupling. Also, PRESTO!
scheme was chosen for the pressure equation. Second Order Upwind was specified for momentum
and energy equation. For the energy equation, convergence criteria was set at 10 but it was 10™* for

the rest of the equation. Time step size was 1 s and maximum iterations per time step was 20.
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Figure 7: 3D geometry of PV on Solidworks.

Cases from 2 to 5:

Solidworks software was used to create 3D geometry that shown in figure 6, which was with
dimensions 160*100*28.4 mm, 28.4 mm is the thickness of the PV-PCM, which is the sum of all
layers' thickness that make up the PV-PCM that was mentioned in table 2. Figure 8 represents the 3D
geometry of the PV-PCM made on Solidworks. All steps and procedures were done identically as in
case 1, but in physics models, both the "viscous - laminar flow" and "solidification and melting", as
well as energy equation were all specified. The PCM's thermo-physical properties were defined using

a user-defined function (UDF) (the UDF details are mentioned in appendix B), then; they were

compiled to the Ansys fluent solver.
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Figure 8: 3D geometry of the PV-PCM on Solidworks.
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In all cases, a profile was created that includes the temperature of PV module versus time during 120

minutes (2 hours). Then equation (21) was used to compute the PV's efficiency during that period.

Npy = N¢ (1 — Bo (Tpy — 298-15)) (21)

Where f3, is constant equal 0.0045 °C ! for crystalline PV. 1. is the PV efficiency at the reference
temperature. n . = 15% at 298.15 K [Lee & Tay, 2012].

Simulation steps are explained in figure 9. In our simulation, the following assumptions and

limitations were taken into account in all cases:

YV VYV

YV V. V V V

All materials have constant thermo-physical characteristics except PCM.

The PCM's thermo-physical properties depend on the PCM's temperature.

Solar radiation is constant and equal in all parts of the solar panel's upper surface (solar
radiation = 1000 W/m?).

PV module is in a horizontal position; tilt angle is zero.

The impact of dust was neglected.

The system's initial temperature equals the ambient temperature (Tamb = 20 °C).

The sidewalls of all layers were insulated.

Emissivity of the System's top and bottom surfaces were 0.91 and 0.85 respectively [Kant et
al., 2016b].

Reflectivity, absorptivity and transitivity of glass were respectively equal 0.04, 0.04 and 0.92
[Wodotazski et al., 2021; Lamaamar et al., 2022].

Transitivity of EVA layer, silicon layer and tedlar were respectively equal 0.9, 0.02 and 0
[Wodotazski et al., 2021].

The reflected solar radiation of the inner layers' surface (EVA, silicone and tedlar) was
neglected.

Heat transfer coefficients of the system's top and bottom surfaces were 10 W/m? K and 5
W/m? K respectively [Charles Divyateja et al., 2021].

Transient state.
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Figure 9: Simulation steps.

CHAPTER 5: Results and discussion

A study was done to analyze the heat transfer in the PV, PV with PCM, and PV with PCM enhanced
by nanomaterials (nanoparticles, nanowires and nanohybrid), this was done when the PV was
exposed to a constant solar radiation equals 1000 W/m?. Also, the study clarified the change in the

temperature of the PV during two hours and the effect on its efficiency.

This chapter includes two parts. The first one explains the temperature's effect on the thermophysical
properties of the PCM and the PCM that improved by using nanomaterials, and it compares between
them. In the second part, we present and discuss the findings obtained after conducting the simulation
within assumptions by “Ansys fluent” software. These assumptions were mentioned in the previous

chapter.



5.1 The impact of temperature on thermophysical properties.

In the previous chapter, it was pointed that the thermophysical properties of PCM, NPCM and
HNPCM depend on temperature. By analyzing and comparing equations 3-20, it was noticed that

adding nanomaterials to PCM increased its TC.

Figure 10 represents the relation between the TC and the temperature of PCM, NPCM and HNPCM,
which shows that the increase in the nanomaterials' volume fraction leads to an increasing in the TC.
The PCM enhanced by nanowires at ¢ = 1% had the highest thermal conductivity, followed by the
PCM enhanced using nanohybrid at ¢ = 1%. However, the PCM without nanomaterials had the

lowest thermal conductivity.

Otherwise, the addition of nanomaterials to the PCM led to a decrease in both specific heat and latent
heat. The latent heat and the specific heat of the PCM decrease when the volume fraction of the
nanomaterials increases. Figure 11 represents the comparison among the TC and the latent heat of
PCM, NPCM and HNPCM. The largest decline in the specific heat of the PCM occurred when PCM
improved by using nanoparticles or nanowires at ¢ = 1%. By conducting a comparison between the

latent heat of the PCM, NPCM and HNPCM, the lowest latent heat was for the NPCM at ¢ = 1%.
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Figure 11: The comparison between the TC and the latent heat of PCM, NPCM and HNPCM.
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5.2. PV temperature.

Through simulation in Ansys fluent, a profile was created which includes the change in the PV's
temperature versus the time during two hours. Then, the average temperature and efficiency of PV

were calculated for 2h. After that, the results for each case were compared with case 1.

5.2.1 Case I: PV without PCM.

In this case, we analyzed the PV's thermal performance without PCM and in a horizontal position.

The PV contains five solid layers, and the heat transfers through these layers by conduction.

Figure 12 shows the change in PV's temperature within two hours. The initial temperature was 20 °C
(293.15 K). During the first seven minutes, the temperature of PV raised rapidly. Then, in the next 19
min, the temperature increased slightly. After about 26 min, the PV temperature reached 325.4 K.
Then, the temperature remained almost constant until the end of the two hours. The temperature
equals 325.473 K at t = 2 h. The PV's average temperature during two hours was 324.2767 K.

According to equation (21), this increase in the PV's temperature negatively affect its efficiency.
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Figure 12: The temperature of PV during two hours.
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5.2.2 Case II: PV with PCM.

The PCM was added to the PV to reduce PV's temperature. Figure (13) displays the PV—PCM
system's temperature. The heat transfers via conduction through the PV layers and aluminum layer to
PCM. When the PCM's temperature reaches T,, — AT, the melting process begins. Which means
storing the energy in PCM as latent heat form (PCM charging).

Figure 13 shows the temperature of PV—PCM within two hours. The system's initial temperature was
20°C (293.15 K). Almost during the first six minutes, the temperature was rising rapidly. Then, it
became very slight, this period is the period which the PCM was melting during it. After that, the
temperature returned to rise rapidly to 325 K. The temperature was 325.0409 K at t = 2 h. The
average temperature during two hours was 314.0972 K., comparing this with case 1, it is noticed that
there is a decline in the average temperature by approximately 10.2 degrees within 2 h. In addition,

the efficiency of PV increased about 5.2%.
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Figure 13: (i) The temperature of PV—PCM within two hours, (ii) The temperature's comparison between PV
with and without PCM.

5.2.3 Case III: PV with PCM enhanced by nanoparticles.

The poor TC of PCM reduces its ability to decline the PV's temperature. The PCM was enhanced by
nanoparticles to increase its TC. In this case, the impact of two volume fractions of nanoparticles
(0.5% and 1%) were studied. Adding nanoparticles to PCM resulted in a rise in its TC and a

reduction in its latent heat.

Figures 14 and 15 show the temperature of PV-NPCM. At first, the temperature was rising rapidly.
Then, the rising became slight. After a while, the temperature returned to rise rapidly, and then it
became almost constant. At t = 2 h, the PV's temperature was 323.041 K when ¢ = 0.5% and
319.639 K when ¢ = 1%. The average temperature of PV during two hours was 312.8779 K and
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311.389 K when ¢ equals 0.5% and 1% respectively. Comparing this case to case 1, the reduction in
the average temperature was about 11.4 degrees and 12.9 degrees when ¢ =
0.5% and 1% respectively. Moreover, the efficiency of PV increased about 5.8% and 6.6%. This is
due to enhanced PCM by nanoparticles which leads to improve the heat transfer rate and the TC, and

so increasing the PCM's ability to regulate the temperature of PV.
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Figure 14: Comparison the temperature of PV-NPCM (¢ = 0.5% nanoparticles) and PV without PCM.
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Figure 15: Comparison the temperature of PV-NPCM (¢ = 1% nanoparticles) and PV without PCM.

5.2.4 Case IV: PV with PCM enhanced by nanowires.

In this case, the PCM was improved by using nanowires. The improved PCM using nanowires at
@ = 1% has the best thermal conductivity and the least latent heat compared with PCM, PCM with
nanoparticles and HNPCM. After conducting the simulation of PV-NPCM enhanced by nanowires,
we obtained the following two figures. At t =2 h, the PV temperature was 314.9707 K when ¢ =
0.5% and 321.7999 K when @ = 1%. The average temperature of PV within 2 h was 309.3901 K
and 312.7318 K when ¢ equal 0.5% and 1% respectively. By comparing the temperature of
PV-NPCM (¢ = 0.5% nanowires) and PV-NPCM (¢ = 1% nanowires) with PV without PCM, we
found out that the average temperature of PV declined by 14.9 degrees and 11.5 degrees when ¢ =
0.5% and 1% respectively. In addition, the efficiency of PV rose about 7.6% and 5.9%.

36



Although the TC of NPCM with 0.5% nanowires is less than the TC of NPCM with 1% nanowires,
the first one gave better results in controlling and decreasing the temperature of PV, and this is due to
the effect of increasing the volume fraction on the other thermophysical properties of PCM. The

increasing in volume fraction creates a reduction in specific heat and latent heat of PCM.
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Figure 16: Comparison between the temperature of PV-NPCM (¢ = 0.5% nanowires) and PV without PCM.
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Figure 17: Comparison between the temperature of PV-NPCM (¢ = 1% nanowires) and PV without PCM.

5.2.5 Case V: PV with PCM enhanced by nanohybrid.

In the last case, the PCM was enhanced by a hybrid of Ag nanoparticles and Ag nanowires with a
percentage of (50%-50%). Figures 18 and 19 display the PV- HNPCM temperature with ¢ =
0.5% and 1%. The average temperature of PV during two hours was 312.1241 K and 312.1074 K
when @ = 0.5% and 1% respectively. If we compared this case with the first case, the reduction in
the average temperature was about 12.15 degrees and 12.17 degrees when ¢ = 0.5% and 1%

respectively. Moreover, the efficiency of PV rose about 6.2%.
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CHAPTER 6: Conclusion and Future Work

6.1 Conclusions

This thesis analyzes the possibility of enhancing the TC of PCM (which is paraffin) by adding
different shapes of silver nanomaterials. Then, we examined the ability of these improved materials
to regulate and reduce the PV's temperature to raise its efficiency. This thesis concentrates on the
comparison of the ability of the enhanced PCM by different shapes of nanomaterials at two different

volume fractions (1% and 0.5%) to minimize the PV's temperature.

The Solidworks software was used to build a 3D system of the PV and PV - PCM. Then, Ansys
fluent software was used to simulate five cases; PV without PCM, PV with PCM, PV with PCM
enhanced by silver nanoparticles, PV with PCM enhanced by silver nanowires and PV with PCM
enhanced by nanohybrid.

After simulation and obtaining the results of the five cases, we compared the results, and we came up

with the following conclusions:

» The nanomaterials' shape affects the PCM's thermos-physical properties. However, in all
cases, increasing volume fraction of nanomaterial leads to a rise in the TC, and at the same
time leads to a decline in the specific heat and latent heat.

» The PCM enhanced by nanowires at ¢ = 1% had the highest thermal conductivity, followed
by the PCM enhanced using nanohybrid at ¢ = 1%. And the largest decline in the latent heat
of PCM occurred when PCM was improved using nanoparticles or nanowires at ¢ = 1%. On
the other hand, PCM enhanced by nanohybrid at ¢ = 0.5% has the highest latent heat.

» Using PCM enhanced by nanowire at ¢ = 0.5% gave the best results in decreasing the PV's
temperature. The average temperature of PV lowered by 14.9 degrees. In addition, the
efficiency of PV rose about 7.6%. Followed by using PCM enhanced by nanoparticles at ¢ =
1%, the minimizing in the PV's average temperature was 12.9 degrees. Moreover, the

efficiency of PV rose about 6.6%.
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6.2 Future Work

» Expanding the study to include non-horizontal system.

» Studying the effects of other types of nanohybrid to improve PCM, which include 2D
nanomaterials such as nanosheets.

» Expanding the study to include the solidification process.

» Studying the use of nanohybrid to enhance PCM, but in different ratios, such as 70%

nanowire, and 30% nanoparticles.
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Appendixes:

Appendix A: ANSYS mesh details

Element Size: 3 mm. Multizone method then inflate this method. Mapped mesh type: Hexa.

ANSYS meshing figure for PV-PCM
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Appendix B: User-defined function (UDF)

UDF for thermophysical properties of PCM:

#include "udf.h"

DEFINE SPECIFIC HEAT(my user cp, T, Tref, h, yi)
{

real cp;

real B, H, D;

if (T <297.75)

{

cp = 1800.00;

H

else if (T <301.75)

{

B =(T-297.75)/4;

H = pow((T-299.75),2);

D = exp((-H/4)/3.544907702);

cp = 1800.00+(600.00*B)+(232000.00*D);

H

else

{
cp = 2400.00;

H
*h = cp*(T-Tref);

return cp;
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}

#include "udf.h"

DEFINE PROPERTY/(cell density,c,t)
{

real B, rho;

real temp = C_T(c,t);

if (temp < 297.75)

{

rho = 785.00;

H

else if (temp < 301.75)

{

B = (temp-297.75)/4;
rho = 785.00-(36.00*B);
}

else

{
rho = 749.00;

}

return rho;

H

#include "udf.h"

DEFINE PROPERTY/(cell viscosity,c,t)
{

real mu_lam, A, B;

real temp = C_T(c,t);

if (temp < 297.75)
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{
mu_lam = 179800.0018;

H
else if (temp < 301.75)

{

B = (temp-297.75)/4;

A = (100000*(pow((1-B),2)))/((pow(B,3))+0.001);
mu_lam = 0.001798*(1+A);

b

else

{
mu_lam = 0.001798;

b

return mu_lam;

}

#include "udf.h"

DEFINE PROPERTY/(cell thermal conductivity,c,t)
{

real ktc;

real temp = C_T(c,t);

if (temp < 297.75)

{

ktc =0.19;

b
else if (temp < 301.75)

{
ktc = 0.19-(0.01*((temp-297.75)/4));



else

ktc =0.18;

}

return ktc;

b

UDF for thermophysical properties of NPCM (¢ = 0.5% ):
#include "udf.h"
#define FI 0.005

DEFINE SPECIFIC HEAT(my_user cpNANOI, T, Tref, h, yi)
{

real cp;

real B, tho_pcm, rho_nano, D, H, cp_pcm;

if (T <297.75)

{

rho_nano = (10500*FI)+(785*(1-FI));

cp = ((2467500*FI)+(785*(1-FI1)*1800))/(rho_nano);
}

else if (T <301.75)

{

B =(T-297.75)/4;

rho_pcm = 785.00-(36.00*B);

rho nano = (FI*10500)+((1-F)*rho_pcm);

H = pow((T-299.75),2);

D = exp((-H/4)/3.544907702);

cp_pem = 1800.00+(600.00*B)+(232000*D);
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cp = ((2467500*FI)+((1-FI)*rho_pcm*cp_pcm))/rho_nano;
H

else

{

rho nano = (10500*F1)+(749*(1-F1));

cp = ((2467500*FD)+(749*(1-F1)*2400))/(rtho_nano);

}

*h = cp*(T-Tref);

return cp;

H

#include "udf.h"
#define FI 0.005

DEFINE PROPERTY/(cell densityNANOI,c,t)
{

real rho;

real rho_pcm, B;

real temp = C_T(c,t);

if (temp < 297.75)

{

rho = (FI*10500)+((1-FI)*785);

}

else if (temp < 301.75)

{

B = (temp-297.75)/4;

tho_pcm = 785.00-(36.00*B);

rho = (FI*10500)+((1-FI)*rho_pcm);
H

else
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{
rho = (FI*10500)+((1-FI)*749);

b

return rho;

b

#include "udf.h"

#define F1 0.005

DEFINE PROPERTY/(cell viscosityNANOI,c,t)

{

real mu_lam;

real mu_lamPCM, A, B;

real temp = C_T(c,t);

if (temp < 297.75)

{

mu_lamPCM = 179800.0018;

mu_lam = (1+(2.5*F)+(6.2*(pow(F1,2))))*mu_lamPCM,;
H

else if (temp < 301.75)

{

B = (temp-297.75)/4;

A = (100000*(pow((1-B),2)))/((pow(B,3))+0.001);
mu_lamPCM = 0.001798*(1+A);

mu_lam = (1+(2.5*F)+(6.2*(pow(F1,2))))*mu_lamPCM;
}

else

{

mu_lamPCM = 0.001798;

mu_lam = (1+(2.5*F)+(6.2*(pow(F1,2))))*mu_lamPCM;

}
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return mu_lam;

b

#include "udf.h"
#define FI 0.005

DEFINE PROPERTY/(cell thermal conductivityNANOI1,c,t)

{

real ktc;

real ktc_pcm, B;

real temp = C_T(c,t);

if (temp < 297.75)

{

ktc_ pem =0.19;

ktc =ktc_pecm*((429+(2*ktc_pcm)-(2*FI*(ktc _pcm-429)))/(429+(2*ktc_pcm)+(FI*(ktc_pcm-429))));
H

else if (temp < 301.75)

{

B = (temp-297.75)/4;

ktc pcm =0.19-(0.01*B);

ktc = ktc_pem*((429+(2*ktc_pem)-(2*FI*(ktc_pcm-429)))/(429+(2*ktc_pem)+(FI*(ktc_pcm-429))));
}

else

{

ktc_pem = 0.18;

ktc = ktc_pem*((429+(2*ktc_pem)-(2*FI*(ktc_pcm-429)))/(429+(2*ktc_pem)+(FI*(ktc_pcm-429))));
H

return ktc;

}
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#include "udf.h"
#define FI 0.005

DEFINE PROPERTY/(cell thermal conductivityNANOI11,c,t)
{

real ktc;

real ktc_pcm, B;

real temp = C_T(c,t);

if (temp < 297.75)

{

ktc_ pem =0.19;

ktc =ktc pcm*((429+(16.12027918*ktc_pcm)-(16.12027918*FI1*(ktc_pcm-
429)))/(429+(16.12027918*ktc_pcm)+(FI*(ktc_pcm-429))));

H
else if (temp < 301.75)

{
B = (temp-297.75)/4;
ktc pcm =0.19-(0.01*B);

ktc =ktc pcm*((429+(16.12027918*ktc_pcm)-(16.12027918*FI1*(ktc_pcm-
429)))/(429+(16.12027918*ktc_pcm)+(FI*(ktc_pcm-429))));

H

else
{
ktc_ pcm = 0.18;

ktc = ktc_pem*((429+(16.12027918*ktc_pem)-(16.12027918*FI*(ktc_pcm-
429)))/(429+(16.12027918*ktc_pem)+(FI*(ktc_pem-429))));

}

return ktc;

}
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UDF for thermophysical properties of HNPCM (¢ = 0.5%):

#include "udf.h"
#define FI 0.0025
#define FII 0.0025

DEFINE SPECIFIC HEAT(my_user cpNANOI, T, Tref, h, yi)
{

real cp;

real B, tho_pcm, rho_nano, D, H, cp_pcm;

if (T <297.75)

{
rho_pem = 785;
cp_pem = 1800;

rho_nano = ((1-FID*(((1-FI)*rho_pcm)+(10500*FI)))+(10500*FII);

cp = (((1-FID*(((1-FI)*rho_pcm*cp_pem)+(FI*10500%235)))+(FI1*10500%235))/rho_nano;
}

else if (T <301.75)

{

B = (T-297.75)/4;

rho_pcm = 785.00-(36.00*B);

rho_nano = ((1-FI)*(((1-FD)*rho_pecm)+(10500*FI)))+(10500*FII);

H = pow((T-299.75),2);

D = exp((-H/4)/3.544907702);

cp_pem = 1800.00+(600.00%B)+(232000*D);

cp = (((1-FID*(((1-FT)*rho_pcm*cp pem)+(FI*10500%235)))+(FI1¥10500*%235))/rho_nano;
H

else

{
rho_pcem = 749;
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cp_pcm = 2400;

rho_nano = ((1-FID)*(((1-FD)*rho_pem)+(10500*FI)))+(10500*FII);

cp = (((1-FID*(((1-FI)*rho_pcm*cp_pem)+(FI*10500%235)))+(FII1*10500%235))/rho_nano;
}

*h = cp*(T-Tref);

return cp;

}

#include "udf.h"
#define FI 0.0025
#define FII 0.0025

DEFINE PROPERTY/(cell densityNANOI,c,t)

{

real rho;

real rho_pem, B;

real temp = C_T(c,t);

if (temp < 297.75)

{

rho_pem = 785;

rho = ((1-FID*(((1-FT)*rho_pcm)+(10500*FT)))+(10500*F1I);
}

else if (temp < 301.75)

{

B = (temp-297.75)/4;

rho_pcm = 785.00-(36.00*B);

rho = ((1-FID*(((1-FT)*rho_pcm)+(10500*FT)))+(10500*F1I);
H

else
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{

rho_pcm = 749;

rho = ((1-FID*(((1-FI)*rho_pcm)+(10500*FT)))+(10500*F1I);
}

return rho;

b

#include "udf.h"
#define FI 0.0025
#define FII 0.0025

DEFINE PROPERTY/(cell viscosityNANOI,c,t)
{

real mu_lam;

real mu_lamPCM, A, B, Y, Z;

real temp = C_T(c,t);

if (temp < 297.75)

{

mu_lamPCM = 179800.0018;

Y = pow((1-FI),2.5);

Z = pow((1-FII),2.5);

mu_lam = mu_lamPCM/(Y*Z);

}

else if (temp < 301.75)

{

B = (temp-297.75)/4;

A = (100000*(pow((1-B),2)))/((pow(B,3))+0.001);
mu_lamPCM = 0.001798*(1+A);

Y = pow((1-FI),2.5);
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Z = pow((1-FII),2.5);

mu_lam = mu_lamPCM/(Y*Z);
H

else

{

mu_lamPCM = 0.001798;

Y = pow((1-FI),2.5);

Z = pow((1-FII),2.5);

mu_lam = mu_lamPCM/(Y*Z);
H

return mu_lam;

}

#include "udf.h"
#define FI 0.0025
#define FII 0.0025

DEFINE PROPERTY/(cell_thermal conductivityNANOI,c,t)

{

real ktc;

real ktc_pcm, B, ktc b;

real temp = C_T(c,t);

if (temp < 297.75)

{

ktc_ pem =0.19;
ktc_b=ktc_pcm*((429+(2*ktc_pcm)-(2*FI*(ktc_pcm-429)))/(429+(2*ktc_pcm)+(FI*(ktc_pcm-429))));

kte = ktc b*((429+(16.12027918*ktc_b)-(16.12027918*FII*(ktc_b-
429)))/(429+(16.12027918*ktc_b)+(FII*(ktc_b-429))));

b
else if (temp < 301.75)
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{

B = (temp-297.75)/4;

ktc_ pcm = 0.19-(0.01*B);

ktc b=ktc pcm*((429+(2*ktc_pcm)-(2*FI*(ktc pcm-429)))/(429+(2*ktc pcm)+(FI*(ktc pcm-429))));

kte = ktc_b*((429+(16.12027918*ktc_b)-(16.12027918*FII*(ktc_b-
429)))/(429+(16.12027918*ktc_b)+(FII*(ktc_b-429))));

H

else

{

ktc_ pcm = 0.18;

ktc b=ktc pcm*((429+(2*ktc_pcm)-(2*FI*(ktc pcm-429)))/(429+(2*ktc pcm)+(FI*(ktc pcm-429))));

kte = ktc_b*((429+(16.12027918*ktc_b)-(16.12027918*FII*(ktc_b-
429)))/(429+(16.12027918*ktc_b)+(FII*(ktc_b-429))));

b

return ktc;

}
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