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ABSTRACT 

Photovoltaic solar cell generates electricity by utilizing the solar irradiance. The electrical efficiency of 

photovoltaic (PV) cell is adversely affected by the significant increase of cell operating temperature 

during the absorption of solar radiation. The efficiency of the PV panels decreases by a certain 

percentage, varying between 0.4% - 0.5% per degree Celsius increase (Wu, 2014). Therefore, cooling 

techniques must be implemented to keep the PV Panel at an optimal operating temperature. Utilizing 

the Sun’s energy is very important as it is a sustainable and clean source of energy that can be used to 

generate electricity or for many more applications. The Significance of PV Cooling techniques is that 

it helps to utilize as much energy from the Sun as possible thus maximizing the efficiency of the PV 

Panels. On top of that PV cooling techniques can help elongate the working life of the PV Panels, 

making these techniques very useful. The main objective of this project was to compare two PV cooling 

techniques, a Phase Change Material (PCM) Cooling system vs a Heat Pipe Cooling System. 

Comparing the two cooling systems for effectiveness and better efficiency deliverance. The constraints 

of this project were: Economic, Functionality, Maintenance, Manufacturability, Environmental, Social, 

Health & Safety and Inspect ability. The PCM-PV showed a maximum efficiency of 12.77% and the 

HP-PV showed a maximum efficiency of 12.53%, whereas the Reference-PV only had a maximum 

efficiency of 9.86%. Furthermore, the PCM-PV provided a maximum power output of 122.54 W/m2 

followed by the HP-PV with 120 W/m2 and the Reference-PV with 93.58 W/m2. The results indicated 

that both the cooling systems were able increase the overall PV Efficiency and Power Output by cooling 

down the panels and that the PCM Cooling system won the comparison. Even though the PCM-PV 

system delivered a higher efficiency, it also costed significantly more than the HP cooling system to 

complete by $87 (300 $/m2). Therefore, it was concluded that the HP-PV cooling system was better 

suited for this project and the PCM-PV system would be better suited for a larger scale project. 
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CHAPTER 1 

1. INTRODUCTION 

This section gives an introduction on photovoltaics and attributed problems. The project significance, 

objectives and constraints will be discussed as well. Lastly, this section will state the report 

organization. 

1.1. DETAILED DEFINITION OF THE PROJECT 

Renewable energy has had a large contribution to the worldwide sustainable development and 

environment conservation and has been growing more popular in the last decade (Ma, Yang, & Zhang, 

Using phase change materials in photovoltaic systems for thermal regulation and electrical efficiency 

improvement: A review and outlook, 2014). The use of renewable energy technologies including Solar 

Photovoltaics (PV) has been amplified due to the growing awareness of events such as Global Warming, 

O-zone depletion, energy shortages and the forever rising prices of fossil fuels. Building-integrated 

photovoltaic (BIPV) systems in particular, have received an extensive amount of scholarly attention 

due to this technology being considered as one of the most cost-effective means of clean energy & 

power generation technologies in cities as PV panels can be easily and aesthetically with homes and 

buildings in the architectural sense (Huang, 2010).  

Currently, however, only 15–20% of the solar energy incident on a PV panel can be converted 

to electricity, with the rest of the energy being transformed into heat. This heat can well be absorbed by 

the PV device itself, causing its working temperature to reach up to 80oC. PV conversion efficiency is 

thereby decreased by 0.4–0.65% for every increased degree. For this reason, cooling off the cells or 

panels might be a necessity in order to keep efficiency optimum (Agyenima, Hewitta, Eamesb, & 

Smytha, 2009).  

Cooling techniques for heat applications were proposed early on in PV exploitation. The main 

advantage of cooling is evident: higher electrical output. However, cooling requires a separate system 

which will remove heat to some extent. Many prospective solutions for cooling systems have been 

arising, two of which are Heat Pipes (HP) and Phase Change Materials (PCM). This project focuses on 

cooling PV panels as well as on comparing these two mentioned cooling systems in order to find out 

which of the two is the better cooling system in removing heat. Cooling the PV panels will decrease the 

PV panel’s working temperature and allowing the conversion efficiency of the PV module to maintain 

at its best. 

Heat Pipes are specially designed equipment for transferring heat. HP do neither involve any 

moving parts, nor do they require power input for the heat transfer process (Anderson W, 2018). PCMs 

on the other hand are substances that absorb and release thermal energy during the process of melting 

and freezing (Pure Temp, 2018).  
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1.2. SIGNIFICANCE OF THE PROJECT 

Solar PV energy is one of the most important forms of providing clean energy in today’s world. Clean 

energy meaning that Solar PV energy does not emit any greenhouse gases. In a sense, PVs provides 

free electricity since they only depend on the sun for energy, and in return conserve other energy 

resources. For these mentioned reasons and many more, it must go without saying that obtaining as 

much energy from Solar Cells and PV panels as possible would be the goal. However, when these Solar 

Cells and PV panels surfaces’ heat up too much, the goal becomes hindered. 

There are two main effects regarding PV panels surfaces’ heating up: Namely:  

➢ The efficiency of the PV panels decreases immensely, 

➢ There is also a decrease of the PV panel’s working life.   

 The efficiency of PV panels decreases by a certain percentage, varying between 0.4% - 0.5% 

for every degree increase (Wu, 2014), meaning the PV panel will produces less electricity as the solar 

energy to electric conversion decreases, which is why cooling PV panels is important to keep the panels 

working as efficiently as possible. The decrease of power-output as temperature rises is shown in Figure 

1 (Mohrram & Abd-Elhady, 2013). 

 Another significant role of cooling PV panels, is elongating the working life of the PV panels, 

as it has been perceived of the effects of high temperature on PV panels, as well as using a cooling 

system can increase the gaining of power by a minimum of up to five percent (Marco, 2016). The 

financial aspect on its own makes this project significant. Keeping the efficiency of the PV panels 

optimum means cleaner (and free) energy gains which leads to less spending on conventional electricity 

from power producers.  Elongating the working life will be beneficial for end-users as well as it will 

result longer time periods between having to purchase new panels in order to replace inefficient ones.

  

 

Figure 1 – PV Characteristics as Surfaces Temperature Rises (Marco, 2016) 
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1.3. DETAILED PROJECT OBJECTIVES 

The objectives of this project are to:  

I. Design and compare two PV Panel Cooling Systems and to find the most efficient 

system.  

II. Efficiency is the target with regard to the Manufacturing cost and heat removal rate.  

III. To perform a feasibility study of PV generator characteristics and models. 

IV. To minimize the amount of solar energy and efficiency lost due to heating of solar and 

PV panels 

The first cooling system is the HP cooling system that is used to maintain the temperature of 

the PV panels by extracting heat in a convective heat transfer manner. The second cooling system is 

Phase Change Material Cooling system; this system is used to prevent the PV panel’s temperature from 

rising too much by utilizing the high latent heat capacity of the Phase Change Material. After the cooling 

systems have been designed, they will be manufactured, assembled and tested.  

1.4. DETAILED PROJECT CONSTRAINTS 

The main constraints of this project are Economic, Functionality, Maintenance, Manufacturability, 

Environmental, Social, Health & Safety and Inspectability.  

Financial:  

❖ Available budget of $500 US. The aim is to balance cost and quality.  

Availability:  

❖ Availability of materials limits the designs since Cyprus is an island and materials and 

components have to be imported into the country because of scarcity.  

Function:  

❖  Cooling the PV system by using heat pipe and using phase change material.    

Serviceability:  

❖ Product’s maintenance must be simple and for long time.  

❖  Design must include parts that are easily replaceable. 

❖ Parts must be cheap to buy.  

Manufacturability:  

❖ Fabrication and installation will be in the university workshop.  
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❖ Two joining methods (welding and machine screws). Both can be done in the university 

workshop. 

❖ Product’s final finishing must be well done.  

Environmental: 

❖ The panels will be in a safe location. To avoid any damages to people. 

❖   Manufacturing waste will be collected. 

Social: 

❖ Designs in favor of end users. 

Health and Safety: 

❖ Wearing safety shoes and glass and coverall during manufacturing processes.  

❖ The product will be safe for the public. 

❖ The product will not cause any noise. 

❖ The materials used are not dangerous.   

Inspectability: 

❖ The system can be during maintenance service.  

1.5. REPORT ORGANIZATION 

The report will give introductory information regarding Photovoltaics, Solar Energy and the project in 

Chapter 1. The significance of the project together with the project objectives and constraints will be 

discussed in the 1st chapter. The 2nd chapter focusses on literature reviews regarding PV Cooling; 

detailed info on existing solutions for PV cooling and specific attributes that come therewith.  Chapter 

3 looks at the proposed designs for this project by means of computer aided design analysis. 

Furthermore, Engineering Standards and the Design Methodology applicable to PV Cooling will be 

focused on together with Cost Analysis to conclude the 3rd chapter.  

In the 4th chapter the processes of manufacture and assembly plans are laid out. Furthermore, 

the details on ordered and fabricated parts will be given.   

The 5th chapter contains Testing plan of the manufactured and assembled prototype(s) against 

stated specifications and results recorded.  This chapter will aim to verify the original project objectives. 

The 6th chapter is an Evaluation; here it will be noted which are the specifications that were not 

met and how the prototype(s) design may be further developed. Along with further analysis of results. 

Finally, the conclusion and future works are discussed in the last chapter.  
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CHAPTER 2 

2. LITERATURE REVIEW 

This section aims to give some background information regarding important aspects of this project. 

Concurrent solutions of PV Cooling will be analyzed and compared and lastly this section will provide 

the engineering standards of the concurrent solutions.  

2.1. BACKGROUND INFORMATION 

2.1.1. PV Cooling 

Cooling techniques for heat applications were proposed early on in PV exploitation. The main 

advantage of cooling is evident: higher electrical output. However, cooling requires a separate system 

which will remove heat to some extent. The construction and maintenance of that system can be 

expensive and there is a possibility that the cost of system maintenance could outweigh the benefits of 

the improved electrical yield. Two types of cooling can be distinguished: active cooling, which 

consumes energy (pump, fan, etc.,) and passive cooling, which uses natural convection/conduction to 

enable heat extraction (Grubišić-Čabo, Nižetić, & Marco, 2016).  

 Different cooling techniques have been examined and compared in multiple studies. It was 

mostly shown that active cooling techniques, as expected, have higher efficiency than passive ones. In 

several cases, however, passive cooling can replace active cooling, in order to save the installation costs. 

Such specific cases are mainly usage of PCM material and usage of small concentrated PV cells. Also, 

when pumping costs are considered, especially for back side cooling, passive techniques can sometimes 

yield more power gain than active ones (Hasan, McCormack, Huang, Sarwar, & Norton, 2014). 

2.1.1.1. Active Cooling 

Active cooling methods can be considered as those methods that continuously consume power in order 

to cool the PV module. Most of the methods used are based on air or water cooling. Hence, main 

consumption system is pump or fan needed for maintaining fluid circulation. In general, active cooling 

methods result in more produced power and more accessible thermal energy, but when power 

consumption is considered, questions arise if the cooling system can support itself (Grubišić-Čabo, 

Nižetić, & Marco, 2016). 

2.1.1.2. Passive Cooling  

When it comes to passive cooling techniques, they can be divided into three main groups: air passive 

cooling, water passive cooling, and conductive cooling. Conductive cooling mostly ends up with air 

passive cooling, but an important difference is that the prevailing mechanism of heat transfer from PV 

cells is conductive in nature. A special type of passive conductive cooling is phase change material 
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cooling, PCM. Although this can’t be viewed as cooling in the strict sense, it has the result of 

maintaining the same temperature. It can still be counted as a passive technique mainly because no 

additional work is needed to take away the heat - it is dissipated mostly conductively. Water passive 

cooling is somewhat more efficient, mainly because of the higher thermal capacity of water (Huang, 

2010). 

2.1.2. Heat Pipe 

The concept of the heat pipe dates to 1831 where Angier Perkins, an American Engineer, took 

out a patent on a “hermetic boiler tube”. His invention used a working fluid but only in a single-phase 

sense at high pressure. Years later, a descendent of Angier Perkins, Jacob Perkins, an American 

Inventor, invented the Perkins tube. The Perkins Tube was a system consisting of an evaporator and 

condenser with water operating in two-phases (liquid and Steam) being passed within the system. The 

two-Phase heat transfer tube was used in the recovery of wasted heat. These Inventions were the early 

models of what is now known in the present day as the Heat Pipe (AMS Energy, 2018). 

It wasn’t until 1963, where the modern concept of the Heat Pipe was invented in the Los Alamos 

National Laboratory by the nuclear physicist, George M. Grover. Working under the U.S. space 

program, Dr. Grover was trying to find a way to extract heat efficiently from nuclear reactors in space. 

With help of his co-workers, Dr. Grover managed to invent the modern Heat Pipe which now used in 

many applications such as Electronics-Cooling and as air heaters on boilers  (The New York Times, 

1996). 

Heat pipe cooling is combination of phase change cooling together with convection of cooling 

medium. On one side cooling medium evaporates and expands (or rises, depending of the variant) taking 

up heat. On the other side medium condensates and releases the heat into the surrounding. The medium 

travels back as liquid via capillary tubes and evaporates, thus completing the cycle (Grubišić-Čabo, 

Nižetić, & Marco, 2016). 

2.1.3. Phase Change Material  

Phase Change Materials or PCM are substances with high heat of fusion, capable of storing and 

releasing large amounts of heat. These materials are used in many areas such construction, clothing, 

thermal energy storage and cooling. PCM can classified into three categories: Organic, Inorganic and 

Eutectics, illustrated in Figure 2 on the following page (Textilelearner, 2018). These types have 

different and varying properties and can only be selected depending on the application (Farid, 2015). 
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The first documented use of PCM was in 1948, by the American scientist, Dr. Maria Telkes 

who had an interest in the possibilities of Solar heating. Unable to find a research institution to support 

her experiment, a client funded her project. With help of an architect Dr. Telkes construct PCM 

residential house in Dover, Massachusetts, USA. 

Dr. Maria Telkes placed steel drums containing 4m3 Glauber’s salts located under sunny spaces 

inside the house in between rooms. In Winter, the spaces where ventilated with fans to move heat to the 

living areas inside the house. In summer, the Glauber’s salts acting as an PCM stored the heat to cool 

the surrounding rooms (Hardland, Mackay, & Vale, 2015). This experiment was successful for two and 

half seasons, Afterwards, the phase transition capability of the salt vanished. 

Since 1948, more research and experimentation has been done in the development of the PCM. 

Despite the extensive research of the PCM especially in 1980s and 1990s to prove the material’s high 

performance and durability it was still hard to see market acceptance. In 2014, a conclusion has been 

drawn that simply the cost-to-benefit ratio is too high in PCM applications to be the first choice in 

design problems (Farid, 2015).  

As a summary and for visual demonstration purposes, a summary has been made and is shown 

in Table 1 on the following page. From this table, the important dates for both Heat Pipes and Phase 

Change Materials as well as for Photovoltaics may be followed better. This table just aims to highlight 

the important dates in the timelines of both these subjects. 

  

Figure 2 – PCM Categories (Textilelearner, 2018) 
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Table 1 – HP, PCM & PV Timeline 

Heat Pipes 

F.W. Gay 

1942 

F.W Gay invented what is now known as the Gas-to-Gas heat pipe heat exchanges. 

It included the use of external fins to improve the heat transfer (AMS Energy, 

2018). 

R. S. Gaugler 

1944 

R. S. Gaugler introduced the modern heat pipe model while working for General 

Motors company. He created a heat pipe heat exchanger for use in a refrigeration 

process. (AMS Energy, 2018). 

William Haskin 

1966 

Haskin invented a cryogenic heat pipe for use in jet engine applications. He was 

working for the Wright-Patterson Air Force Base Laboratory. (AMS Energy, 2018) 

Phase Change Materials 

In 1970s 
The University of Delaware were researching PCM for thermal storage application. 

They used PCMs with solar collectors to store heat (Whiffen & Riffat, 2013). 

In 1980s 

During the 1980, Paraffinic PCM were being manufactured for building 

application. The PCMs were used to control the indoor temperate (Hardland, 

Mackay, & Vale, 2015). 

Photovoltaics 

Edmund Becquerel 

1839 

A nineteen-year-old French experimental physicist, discovered the photovoltaic 

effect while experimenting with an electrolytic cell made up of two metal 

electrodes (ThoughtCo., 2018). 

Charles Fritts 

1883 

Fritts, an American inventor, described the first solar cells made from selenium 

wafers. 

Albert Einstein 

1923 

Einstein received the Nobel Prize for his theories explaining the photoelectric 

effect. 

1996 
The U.S. Department of Energy announces the National Center for Photovoltaics, 

headquartered in Golden, Colorado. 

 

  

https://www.thoughtco.com/famous-inventors-4133300
https://www.thoughtco.com/history-of-solar-cells-1992435
https://www.thoughtco.com/albert-einstein-biography-4074328
https://www.thoughtco.com/albert-einstein-biography-4074328
https://www.thoughtco.com/history-of-the-nobel-prizes-1779779
https://www.thoughtco.com/the-photoelectric-effect-2699352
https://www.thoughtco.com/the-photoelectric-effect-2699352
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2.2. CONCURRENT SOLUTIONS 

Cooling systems for PV panels fall into two main categories. The first category is passive cooling and 

the second is active cooling. Passive cooling aims to dissipate heat by natural means, whereas active 

cooling aims to dissipate heat using a mechanical system. Examples of each are shown as follows. 

2.2.1. Heat Sink  

A heat sink is a passive heat transfer device made from highly conductive metals. The metal is 

extruded or machined to form a shape that consists of many long and thin surfaces called fins. The heat 

sink is attached to the rear of the PV panel out of the direct sunlight and the heat from the PV panel is 

transferred to the heat sink via conduction. Due to the finned surfaces the heat sink has a large surface 

area, which increases the rate of both convection and radiation heat transfer, cooling the PV panels  

surface (Y & A, 2015). Figure 3 below shows a Heat Sink. 

 

 

 

 

2.2.2. Phase Change Material  

PCM is a passive cooling method. The PCM is attached to the rear of the solar panel. Originally the 

PCM is in a solid state but absorbs heat from the PV panel. Once the temperature of PCM reaches 

a certain point it begins to melt. During this phase change it continues to absorb heat from the PV panel. 

Once the PCM completely melts it begins to re-solidify and reject its stored heat and then the cycle 

starts again (Microtek Laboratories Inc., 2017). Variety of PCMs exists and include organic, inorganic, 

and eutectics, all available in a wide range of melting/freezing points. Melting and solidification 

processes of PCM occur in different transformation stages due to heat transfer between the PCM and 

the heat source. Figure 4 below shows some phase change material. 

 

  

Figure 3 – Extruded Aluminum Heat Sink (Verdict Elec. Ltd., 2018) 

 

Figure 4 - Phase Change Material Example (Crypopak, 2016) 
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2.2.3. Spray Water Cooling 

Spray water cooling is an active cooling method. A water pipe is fitted along the top edge of 

the PV panel. The pipe has holes along its length to allow a constant flow of water to pass over the PV 

surface to keep it cool. There are two types of spray systems used. The first uses a constant water supply 

and the wastewater is drained away. In the second type the wastewater is collected and passed through 

a heat exchanger to cool it (S, O, & K, 2015). Figure 5 below shows Spray Water Cooling on a PV. 

 

Figure 5 - PV Panel with Spray Water Cooling (S, O, & K, 2015) 

2.2.4. Heat Pipe 

A heat pipe is a passive cooling method. It uses the principles of phase change to remove heat 

from the PV Panel. It is made up of two sections an evaporator (PV panel) and a condenser. It is filled 

with a working fluid that absorbs heat in the evaporator section causing the fluid to vaporize, which 

then travels to the condenser where the heat dissipates and the fluid is condensed back to liquid 

(Anderson W, 2018). Figure 6 below shows a heat pipe cooling system. 

 

  

Figure 6 - Working Principles of Heat Pipe (Anderson W, 2018) 
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2.2.5. Immersion 

Immersion is a passive cooling technique where the PV panel is submerged at an optimum 

depth in a liquid bath. Silicone oil or deionized water are two common cooling liquids used. Instead of 

a standard PV panel, a concentrated photovoltaic panel (CPV) must be used in its place. The surface of 

the CPV panel is kept cool by the surrounding fluid (S, P, M, & S, 2014). Figure 7 below shows a CPV 

submerged. 

 

Figure 7 - Submerged PV Panels (S, P, M, & S, 2014) 

2.2.6. Forced Convection 

Forced convection is an active cooling method. A duct or series of ducts is constructed on the 

rear side of the PV panel to concentrate the air flow. An electric fan is fitted to the manifold and forces 

air over the panel. The increased air flow increases the rate of heat transfer due to convection (F, S, & 

T, 2015). Figure 8 below shows a PV panel being cooled via Forced Air Convection. 

 

 

  

Figure 8 - PV Panel with Forced Air Convection (F, S, & T, 2015) 
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2.3. COMPARISONS OF THE CONCURRENT SOLUTIONS 

Table 2 below compares the currently used solutions for cooling PV panels. 

Table 2 - Tabular Comparison of Concurrent Solutions 

Type Pros Cons 

Heat Sink a 

• Simple Design 

• High Thermal conductivity 

• Pre-made Heat Sinks Readily 

Available 

• Difficult to Manufacture 

• Not as Effective When Ambient 

Temperature Is High 

• Expensive on a Large Scale 

Phase Change 

Material b 

• Simple Design 

• Relatively Cheap 

• High Heat of Fusion 

• Availability  

• Can React with Other Materials  

• How the PCM is Packaged 

Heat Pipe c 

• High Thermal Conductivity 

• No Maintenance 

• Can be Used Over Wide 

Temperature Range 

• More Complex Design 

• Materials Can be Expensive 

Immersion d 

• Simple Design 

• Increases Efficiency 

• No Degradation of PV Cells Due 

to Immersion 

• Requires More Expensive CPV 

Panel 

• Loss of Cooling Liquid Due to 

Evaporation  

• Decreases Power Output 

Forced 

Convection e 

• Good Cooling Rate 

• Can be Combined with Heat Sink 

for Increased Convection Rate 

• Requires Power to Run Fan  

• More Complex Design  

• Not as Effective When Ambient 

Temperature is High 

Spray Water 

Cooling f 

• Very Good Cooling Rate 

• Keeps PV Panel Clean  

• Can be Combined with Thermal 

Solar Panel to Produce Hot Water 

•  Requires Power to Run Pump  

• Wasteful of Water 

• More Complex Design 

a (Y & A, 2015) b(Microtek Laboratories Inc., 2017) c (S, O, & K, 2015). d (Anderson W, 2018) 

e (S, P, M, & S, 2014) f(F, S, & T, 2015). 
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In Table 2, the pros and cons of six different cooling methods are giving. Heat sink, phase 

change, heat pipe and immersion are passive cooling techniques whereas forced convection and spray 

water are active cooling. The passive cooling techniques are simpler and cheaper than the active cooling 

but are not always as effective. Spray water cooling increases the efficiency by the largest amount; 

however, the increased complexity of the system increases cost and some of the increased power output 

is needed to run the pump.  

2.4. ENGINEERING STANDARDS OF THE CONCURRENT SOLUTIONS 

Standards are an important part of engineering, serving as rules to measure or judge capacity, quantity, 

content, extent, value and quality. As solar energy is still an area in development, legislation and 

regulation of standards is also under development. Also, standards vary according to specific 

application and country. In this project the international standards will be used.  

Main Standards are:   

❖ PV Panel  

 IEC, TC82: International Electrotechnical Commission  

The main tasks of TC82 are to prepare international standards for systems of 

photovoltaic conversion of solar energy into electrical energy. 

 ANSI: The American national standards institute.  

 

❖ Heat Pipe, Heat Sink and PCM Material 

ASTM: The American Society for Testing Materials. 

AISC: The American Institute of Steel Construction. 

ASME: The American Society of Mechanical Engineers 

 

❖ Design and engineering drawing  

 ISO: International Organization for Standardization. 

 

❖ Safety  

 SELA: solar energy industries association. 

 OSHA: The Occupational Safety and Health Administration. 
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CHAPTER 3 

3. DESIGN AND ANALYSIS 

This section will discuss the proposed designs of the HP-PV and PCM-PV systems. Engineering 

Standards regarding these designs will be investigated followed by design calculations for the best 

orientations of the solar panels throughout the year; HP-PV specific calculations and PCM-PV 

calculations. Lastly, this section will give a cost analysis for each of these systems. 

3.1. PROPOSED DESIGNS 

3.1.1. PV Panels  

 The following three solar panels have been chosen to compare between them and choose the most 

suitable solar panel for the objectives and constraints of this project 

A. Newpowa 30 Watts PV panel 

B. TommaTech 40 Watts PV panel 

C. HQST 30 Watts PV panel 

Table 3 below are the characteristics that are being compared through for decision making: 

Table 3 - Characteristics Comparison Between Solar Panels 

 NEWPOWA TOMMATECH HQST 

POWER OUTPUT 
30W 

(good) 

40W 

(better) 

30W 

(good) 

VOLTAGE 
18.79V 

(good) 

21.61V 

(good) 

12V 

(bad) 

SHORT CIRCUIT 

CURRENT 

1.6 A 

(good) 

2.38 A 

(better) 

1.1 A 

(bad) 

PRICE 
50 USD 

(decent) 

45 USD 

(better) 

50 USD 

(decent) 

WEIGHT 
2.9Kg 

(good) 

3.0Kg 

(decent) 

3.2Kg 

(bad) 

DIMENSIONS 
(0.675x0.028x0.357) m 

(good) 

(0.674x0.424x0.025) m 

(decent) 

(0.66x0.05x0.38) m 

(good) 
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Given all the characteristics, the TommaTech 40 Watts PV panel was chosen due to it being 

the most suitable considering the price (one of the main constraints) and for it having a power output, 

weight and dimension better than the other two solar panels. Detailed electrical and mechanical 

characteristics of the PV panel are shown in G-1: PV Panel Specifications.  

3.1.2. Proposed HP-PV System 

The following figures (Figure 9 & Figure 10) show the proposed design of the HP-PV system. 

Finned HP-Saddle Cooling System  

  

Figure 9 - Heat Pipe Cooling System Components 
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3.1.2.1. Finned HP-Saddle Cooling System 

This design consisting of Heat pipes, Fins and a Saddle was adapted from a previous scientific 

report by Hughes et al. (Hughes, Cherisa, & Bég, 2012). The design was tested out through 

ANSYS thermal simulation and was proven to be both feasible and efficient. Therefore, the 

following proposed design was created relatively similar to the previously tested design shown 

in Figure 11 & Figure 12 below.   

  

 

 

  

Figure 10 - Side view Of Heat Pipe Cooling System 

Figure 11 - Shows Previously tested Design (Hughes, 

Cherisa, & Bég, 2012) 
Figure 12 - Shows Previously test design attached to a 

Solar Panel (Hughes, Cherisa, & Bég, 2012) 
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3.1.2.2. Selection of Heat Pipe material, Diameter and Length 

Based on the temperature range of interest, the two commonly used Heat pipes, namely 

A. Aluminum Heat Pipe 

B. Copper Heat Pipe  

Table 4 - Heat Pipe Decision Matrix 

Pipe Material 
Thermal 

Conductivity 
Availability Cost Manufacturability 

Copper Higher High Higher off-the-shelf 

Aluminum Lower High Lower off-the-shelf 

 

Observing the decision matrix (Table 4), it can be seen that the copper and aluminum pipe are 

both suitable of the design but given that main criteria is the conduction of heat from the saddle and 

then the cost, copper is more suitable.  

Depending on how much Heat is to be removed, the choice of diameter and length of the Heat 

Pipe can be very important. The diameter and length of the pipe can affect the heat transfer process 

drastically. The larger the diameter, the larger the amount of heat energy that can be transported through 

the Heat pipe. As the length of pipe increase, the amount of transferred heat decreases (Enertron, 2015). 

Figure 13 below shows relationship between the Heat pipe length and Heat transported for standard 

Heat Pipe diameters: 

 

 Figure 13 - Performance affect by Heat Pipe length and Diameter (Enertron, 2015) 
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Since the amount of heat to be removed from the PV panels is 246W (evaluated in the Design 

Calculations section) choosing a large diameter Pipe will the more suitable and more economical instead 

of having many smaller diameter heat pipes to achieve the same task. Table 5 shows the selected heat 

pipe specification: 

Table 5 – Selected Heat Pipe Specification (Conrad, 2019) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the above data and the required heat removal of 246W, the desired configuration is a 5 Heat 

Pipe. 

 

3.1.2.3. Selection of Saddle material 

Table 6 – Saddle Decision Matrix 

Pipe Material 
Thermal 

Conductivity 
Density Availability Cost Manufacturability 

Copper Higher High Low Higher Difficult 

Aluminum Lower Low High Lower Easy 

 

Although the thermal conductivity of copper is higher than Aluminum and would be more 

suitable for this application, given the large size of the saddle, the copper saddle will be heavier than 

Aluminum one. Raw aluminum is less expensive, more available and highly manufactural. Therefore, 

Aluminum will be chosen for the saddle. This can be seen in Table 6 above.  



19 

 

Moreover, Aluminum has many alloys and each alloy has varying properties. Choosing the 

Aluminum with the highest thermal conductivity is an important criterion. Table 7 compares the 

common types of Aluminum alloys and their thermal conductivities:  

Table 7 – Saddle Decision Matrix: Material 

 Aluminum 1100 Aluminum 6061 Aluminum 6063 

Thermal 

Conductivity W/m-K 
220 170 190 

 

Comparing these alloys, it can be seen that Aluminum 1100 has the highest thermal 

conductivity and would be the most suitable for the design purpose of extracting heat for the PV 

panels. 

3.1.2.4. Selection of Wick structure and Material Fluid 

There are mainly four types of wick structure:  

1-  Groove Wick 

 

2- Sintered Wick 

 

3- Screen Wick 

 

4- Fiber Wick 

 

 

Table 8 - Advantages and Disadvantages of each wick structure adapted from (CELSIA, 2017) (Enertron, 2015) 

WICK TYPE ADVANTAGES DISADVANTAGES 

SINTERED WICK 

 

- Commonly Used 

- Highest Capillary 

Force 

- Highly Available 

- Most Expensive 

SCREEN WICK 
- Cheaper than Sintered 

Wick 

- Lower Capillary Force 

than Sintered Wick 

GROOVE WICK 
- Cheapest Wick 

Structure 
- Lowest Capillary Force 

FIBER WICK 
- Best for tight radius 

bends 

- Only effective for Heat 

pipes with tight bends 

  

Looking at the advantages and disadvantages of each wick structure in Table 8 above, the 

Sintered Wick structure is the best choice due to its highest capillary force and common use.  

 

Figure 14 - The Four Types of Wick Structures (AMS Energy, 2018) 
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Figure 15 below shows the performance of Heat Pipes with different wick structures when in a 

Horizontal position which is the same orientation as the proposed Heat Pipe design. It can be seen that 

thermal resistance increases as the length of Heat Pipe increases for each wick structure. It can also be 

seen that the sintered Heat pipe has the best performance than other wick pipes, thus further proving 

that the sintered Heat pipe is the most suitable for the given Heat Pipe Design. The wick material will 

be copper due to its high availability with the purchase copper heat pipes. 

 

Figure 15 - Thermal Resistance Vs Heat Pipe length with different wick structure (Enertron, 2015) 

3.1.2.5. Selection of Heat Pipe Working Fluid 

The selection of the working fluid is very important as it will determine the system’s efficiency and 

operation lifecycle. The selection depends on the two factors: 

A. Operating conditions:   

The operation conditions are temperature range which the fluid work within and for the design its 

between (3℃ to 45 ℃). Figure 16 shows the Heat Pipe working fluids and at what temperature ranges 

they are useful. 

 

Figure 16 - (Lee, 2010) Heat Pipe Working Fluids 
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Looking at the common working fluids used in Heat pipes, it can be seen that under the design      

operating conditions, the following fluids can be used: 

a) Water  

b) Ammonia  

c) Methanol 

d) Ethanol  

e) Acetone 

Although the useful range for water is (30℃ to 200℃) and the operation temperature 3℃, the 

system could warmup until the water heat pipe begins to operate 

(Anderson, Dussinger, Sarraf, & Tamanna, 2008). 

B. Fluid compatibility with the copper pipe:   

Based on previous surveys done by: Dunn and Reay (P.D & D.A, 1994), Brennan and Kroliczek (P.J & 

E.J, 1979), Anderson W.G (W.G, 2007) & (Anderson, Dussinger, Sarraf, & Tamanna, 2008) is that 

Copper Heat Pipes are compatible with the following fluids: 

a) Compatible with: Water, Methanol and Ethanol 

b) Incompatible with: Ammonia 

c) Unsuitable with: Acetone 

 

Previous research (Masaki, Masao, Ken-ichiro, Kenji, & Makoto, 2005) also showed that water 

has the highest capillary force compared with other compatible fluids. Figure 17 on the next page shows 

the wicking power (capillary force) of copper heat pipe with different working fluid combinations under 

different temperatures. 

As mentioned before water is best working fluid in combination with the copper heat pipe under 

the system operating condition. Figure 17 below shows the wicking limit against the temperature. 

 

  

Figure 17 - Wicking Limit vs Temperature (Masaki, Masao, Ken-ichiro, Kenji, & Makoto, 2005) 
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3.1.2.6. Selection of Fins material 

When it comes to fin material selection, the most important criteria the heat dissipation rate to the 

environment. The two common materials are Aluminum and Copper. Table 9 below compares them. 

Table 9 - Fins Material Decision Matrix 

Pipe Material Heat Dissipation Availability Cost Manufacturability 

Copper Higher High Higher Easy 

Aluminum Lower High Lower Easy 

 

It can be seen that Heat Dissipation rate of aluminum is higher and more cost efficient. Aluminum 

1100 will be used for this design as it has been used before in similar experimentations as a fin material.  

Table 10 below summaries the HP-PV System as disused until here. 

Table 10 – HP-PV System Summary 

Parameter Value Quantity 

Heat Pipe  5 

1. Heat Pipe Length 380 mm - 

2. Condenser or Evaporator 126.66 mm - 

3. Copper Heat Pipe Diameter 8 mm - 

Heat Input Saddle  1 

4. Material 1100 Aluminum - 

5. Dimensions 290mm× 126.66mm × 15mm - 

Fins  12 

6. Material 1100 Aluminum - 

7. Dimensions 180mm× 97.2mm × 2mm - 
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3.1.3. Proposed PCM-PV System 

The following figures (Figure 18-Figure 20) show the proposed design of the PCM-PV System.  

FINNED PCM COOLING SYSTEM 

 

Figure 18 – PCM-PV System  

 

Figure 19 – PCM-PV System Container 

 

 Figure 20 – PCM-PV System Internal Fins   

(610x270x70)mm & 

5mm Thick Aluminium 

1050A Container 

5 Internal Fins 

100mm spacing 

(265x60)mm & 2mm 

Thick Aluminium 

1050A fins 

2mm Thick 

Aluminium 1050A 

Container Lid 

(674x424x25)mm 

TommaTech 40W 

PV Panel 

Power Outlet 

Container Internal 

Width = 60mm 
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3.1.3.1. PCM Selection  

When selecting a PCM, the following is what governs the selection process. The PCM should: 

A. Possess a melting point for the temperature range of application. 

B. Possess high latent heat of fusion per unit mass, so that a smaller amount of material stores a 

larger amount of energy to be as effective as can be.  

C. High specific heat to provide more heat storage pre and post melting.  

D. High thermal conductivity, so that the temperature gradients for charging and discharging 

stored material are small. 

E. Small volume changes during phase transition. This avoids usage of an excessively large 

container.  

F. Possess chemical stability, no chemical decomposition and corrosion resistance to materials of 

containers or construction materials.  

G. Contain non-poisonous, non-flammable and non-explosive elements/compounds.  

H. Available in large quantities at low cost (Agyenima, Hewitta, Eamesb, & Smytha, 2009). 

25°C is the temperature that the STC power is measured (i.e. 30W for this panel), beyond this 

temperature, the panels begin to lose efficiency (Peacock, 2012). The rate at which efficiency is lost is 

given in the specifications of the panel. The Newpowa panel used in this project will lose 0.5±0.05% 

of its max power for every degree above 25 (see Appendix G-1: PV Panel Specifications). Therefore, 

it is obvious that a PCM lowering the panel’s temperature close to 25oC will mean better efficiency. 

Besides this, high latent heat is in a PCM is also desired for it can store more energy and for a longer 

time period. Table 11 shows the comparisons of different PCMs and selection of a PCM for this project. 

Table 11 – PCM Selection 

PCM Melting Temp Latent Heat Specific Heat Density Availability 

Ca chloride 

hexahydratea 

30oC 190
𝑘𝐽

𝑘𝑔
 1.4

𝑘𝐽

𝑘𝑔∗𝐾
 1710

𝑘𝑔

𝑚3 Ship from US 

RT28HCb 28oC 250
𝑘𝐽

𝑘𝑔
 2.0

𝑘𝐽

𝑘𝑔∗𝐾
 770

𝑘𝑔

𝑚3 Min. 1 kg, Ship 

from Ger 

RT25HCb 25oC 210
𝑘𝐽

𝑘𝑔
 2.0

𝑘𝐽

𝑘𝑔∗𝐾
 770

𝑘𝑔

𝑚3 Min. 1 kg, Ship 

from Ger 

Paraffin 

PCM32c 

32oC 185
𝑘𝐽

𝑘𝑔
 1.8

𝑘𝐽

𝑘𝑔∗𝐾
 780

𝑘𝑔

𝑚3 Min. 6 lb, Ship 

from US 

Paraffin 

PCM28c 

28oC 200
𝑘𝐽

𝑘𝑔
 1.8

𝑘𝐽

𝑘𝑔∗𝐾
 780

𝑘𝑔

𝑚3 Min. 6 lb, Ship 

from US 

a (Hasan, McCormack, Huang, Sarwar, & Norton, 2014) b (Rubitherm, 2019) c (Microtek Labs, 2018). 

The chosen PCM from the table is RT28HC. Details in Appendix G-2: Phase Change Material 



25 

 

3.1.3.2. PCM Container Design  

Now that the PCM has been chosen based primarily on the temperature range of application, 

the next most important factors to consider are: 

A. The geometry of the PCM container and  

B. the thermal and geometric parameters of the container required for a given amount of PCM.  

These factors are important to consider because they all have a direct influence on how heat is 

transferred in the PCM and ultimately also have an effect on the effectiveness of the PCM and the melt 

time thereof (Agyenima, Hewitta, Eamesb, & Smytha, 2009).  

 Since the PV panel has a rectangular shape, it would be best 

for the container to have a rectangular shape as well. The size of the 

container should be one of closely the same cross-sectional area of 

the panel. The larger the area of the container in contact with the 

panel, the greater and faster the heat transfer will be from the PV 

panel to the PCM. The PV panel has back dimensions of 624mm x 

376mm, the container’s dimensions should as close to this as 

possible. The thickness of the container should be a modest 

thickness that will just be enough for the PCM required for this application (Zivkovic & Fujii, 2000). 

Figure 21 on the right shows the designed geometry of the PCM container. 

3.1.3.3. PCM Container Material 

The material of the container is very important. This can either increase or decrease the latent 

heat storage (LHS) and/or increase or decrease the heat transfer rate of the PCM. An optimum container 

would be one of light weight, high thermal conductivity, non-corrosive, strong and will not react with 

the PCM. Some materials that meet these criteria are shown and compared in below adapted from 

(Ibrahima, Al-Sulaimana, Rahmana, Yilbasb, & Sahinb, 2017) for objectives of this project. 

Table 12 - Container Material Selection 

The selected material from this table is Aluminium. Aluminium Alloy 1050A with 

shown properties in Appendix G-3: Aluminium 1050A 

Material 
Thermal Conductivity 

(𝑊 𝑚 ∗ 𝐾⁄ ) 
Density             
(𝑘𝑔 𝑚3)⁄  

Estimated Cost     
($ 𝑚3)⁄  

Graphite Foil 150 1000 10,000.00 

Aluminium 200 2700 7,000.00 

Stainless Steel 20 7800 20,000.00 

Carbon Steel 30 7800 15,000.00 

Copper 350 8800 40,000.00 

 

Figure 21 - Container Geometry 
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3.1.3.4. Heat Transfer Enhancement  

Organic and non-metallic based PCMs have low thermal conductivities requiring heat transfer 

enhancement techniques to improve their rates of charging and discharging of energy. Prior studies of 

investigating the use of PCM have reported poor thermal conductivity therefore requiring heat transfer 

enhancement. As a result, current studies implore methods such as fins, insertion/dispersion of high 

thermal conductivity materials, heat pipes and usage of multiple PCMs (Agyenima, Hewitta, Eamesb, 

& Smytha, 2009). 

Consequently, the low thermal conductivity leads to poor heat exchange between the PCM and 

the heat source and hence, the need for enhancement. As the geometry of the container is rectangular 

and it is made of aluminium, from the studies conducted by N.I. Ibrahim et al. (Ibrahima, Al-Sulaimana, 

Rahmana, Yilbasb, & Sahinb, 2017), the best heat transfer enhancement technique would be introducing 

fins. A summary of their study and their recommendations are attached in G–4: PCM Heat Transfer 

Enhancement. 

3.1.3.5. Enhancement with Fins 

Fins are generally used to increase the heat transfer area between PCM and heat source and 

consequently improve the thermal performance of heat storage or removal system. Selection of the fin 

material depends on its thermal conductivity, density, cost and corrosion potential. Since the container 

also depends on this, the same material will be used for the fins. The objective of the fins will be to 

increase the heat being transferred from the PV to the PCM, this will be done by increasing the heat 

removal from the PCM to the environment by increasing the area the PCM is in contact with. Therefore, 

the fins will be internally imbedded in the container. Fan et al. also reported that the presence of internal 

fins in PCM-based heat sink system provides better performance regardless of the type of PCM (Fan, 

Xiao, Zeng, & Fang, 2013). This leads to the final PCM container design with five internal fins, 2mm 

thick and 100mm equally spaced as shown in Figure 22 and Figure 23 below. 

 

 

  

Figure 23 - PCM Container with Fins Figure 22 - PCM Container with Fins Section View 
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3.2. ENGINEERING STANDARDS 

Throughout this project, General Workshop Safety rules were followed when carrying out mechanical 

related work which is explained in the Detailed Manufacturing Process Chapter. 

3.2.1. PV Panels 

IEC 62548:2016 sets out design requirements for photovoltaic (PV) arrays including DC array 

wiring, electrical protection devices, switching and earthing provisions (IEC, 2018). See appendix for 

C-1: Solar Panel Standards for details 

3.2.2. HP-PV System 

The heat pipe is classed as an electric or electronic component and as such must not contain hazardous 

substances. The heat pipe to be used is RoHS compliant (EU Directive 2002/95/EC) (RoHS Guide 

Compiance, 2018), see Appendix C-2: HP-PV Standards, for data sheet of safe levels. 

The material used in the saddle and fins is Aluminum 1100 must be capable of dissipating 211W 

of heat. Aluminum mechanical properties are covered by ASTM B209 - 14 (ASTM, 2014) see appendix 

C-2: HP-PV Standards for material data sheet. 

Manufacturing of the heat pipe cooling system will take place in the mechanical engineering 

workshop. General safety and health in the workshop is covered by OSH Act 1970. (United States 

Department of Labor, 2018)  

The mechanical engineering drawings used in the Heat Pipe Cooling System are to standard set 

according to (ISO 01.100.20) (International Orginization for Standardization, 2018) 

3.2.3. PCM-PV System 

The specific heat of Aluminium 1050A is 900 J kg-1.k-1, the thermal conductivity is 229 W cm-1.K-1, 

emissivity is 0.02 – 0.10 and the melting range is 645 -658 C (ASTM, 2014). 

Alloy 1050 is excellent corrosion resistance, high ductility and highly reflective finish (ASTM, 2014). 

The mechanical engineering drawings used in the Phase Change Material Cooling System are to 

standard set according to (ISO 01.100.20) (International Orginization for Standardization, 2018) 

For welding of the PCM container, Arc-welded joints in Aluminium and its alloys: Quality levels 

for imperfections (ISO 10042:2005), Standard will be referred to. 

 There are no national and international standards for testing PCMs (Agyenima, Hewitta, Eamesb, 

& Smytha, 2009).   
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3.3. DESIGN CALCULATIONS 

3.3.1. PV Panel Surface Temperature 

The calculations carried out henceforth will be based on the following average temperatures displayed 

in Figure 24 below which were obtained from Cyprus Network (CyprusNet, 2018). The temperatures 

are based on an eight-year historical averages measured at Larnaca International airport which is 40 km 

away from Famagusta. 

 

Figure 24 - Historical Average Temperatures (CyprusNet, 2018) 

The Operating cell temperature of a PV Panel, 𝑻𝒄𝒆𝒍𝒍 , is given by the following equation (Migan, 2013): 

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝐴𝑖𝑟 +  
𝑁𝑂𝐶𝑇−20

800
𝑆       (1) 

❖  𝑻𝑨𝒊𝒓 , Ambient Air temperature. 

❖ 𝑵𝑶𝑪𝑻, the nominal operating cell temperature that the PV surface reaches if it is exposed 

to 0.8 kW/m2 of solar radiation, an ambient temperature of 20°C, and a wind speed of 1 m/s 

= 47℃ 

❖ 𝑺, insolation level based on STC, Standard Testing Conditions (Niclas, 2014)= 1000 𝑊/𝑚2. 

 Evaluating eq. 1, and using the temperatures in Figure 24 as 𝑻𝑨𝒊𝒓 , the monthly average 

operating cell temperatures of the PV Panel were calculated and are shown in Figure 25 below: 

 

Figure 25 - Monthly Operating Cell Temperatures 
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3.3.2. PV Panel Specific Calculations 

3.3.2.1. Optimum tilt for solar panels 

The tilt of the solar panel has high significance, because the tilt allows the solar panel to capture more 

energy due to the increase of surface area of the solar panel being hit by the sun rays, rather that if the 

panel was vertical or horizontal to the surface, which in turn allow for more power generation, which 

means more electricity. The amount of tilt varies depending on the season due to the 23.5 degrees’ tilt 

of the earth relative to the sun, so it is better to be able to change the tilt of the panel depending on the 

season, but if that is not possible, the optimum tilt angle for all year best performance is found by: 

90° – location latitude = optimum fixed year-round setting (Boxwell, 2017). 

Famagusta Coordinates = 35.2857° N, 33.8411° E   

Therefore:  90 - 35.2857 = 54.7143 ≈ 55 degrees referenced vertically. 

3.3.2.2. Solar Panel Stand Design 

Table 13 – Stand Dimensions 

 Length (mm) Quantity  Profile (mm) 

Hypotenuse Legs 1200 2 30x30 

Support Cross Bar 600 2 30x30 

Joining Cross Bar 540 1 30x30 

Hind Leg 664 2 30x30 

Table 13 above shows the dimensions of the PV panel stand. 

3.3.2.3. PV Panel Stand Analysis 

After assembling the solar panel frame, analysis was done for the frame under the load of the PV Panels 

and the HP and PCM cooling system loads added respectively for the deformation of the frame. The 

total mass of the HP-PV system is about 6Kg and for the PCM-PV system is about 15Kg. The material 

of the stand is 30x30 mm Mild Steel bars. An important objective of the stand is to be able to support 

the heavy PCM and Aluminium container in the event that the glue fails to hold the system together.  

   

Figure 26 – PCM Container Support 
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3.3.2.4. PV Panel Efficiency 

The following formula is utilized for the efficiency of the PV panel (RF Wireless World, 2017). 

𝜂𝑃𝑉 𝑃𝑎𝑛𝑒𝑙 =  
𝑃𝑚𝑎𝑥

𝑆×𝐴𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎
× 100     (2) 

Using the Insolation Level as  𝑆 = 1000 𝑊/𝑚2 which is the standard testing value used at STC 

(Niclas, 2014). 

𝜂𝑃𝑉 𝑃𝑎𝑛𝑒𝑙 =
40𝑊

1000
𝑊
𝑚2 × 0.286𝑚2

 × 100 

𝜼𝑷𝑽 𝑷𝒂𝒏𝒆𝒍 =  𝟏𝟑. 𝟗𝟖𝟔% ≈ 𝟏𝟒% 

Therefore, the Maximum Efficiency of the TommaTech 40W PV Panel is 14%. 

 From the Catalogue, the Open-Circuit Voltage (VOC) and the Short-Circuit Current (ISC) are 

given as 21.61V and 2.38A respectively. Furthermore, the Voltage at Maximum Power (VMP) and 

Current at Maximum Power (IMP) are also given as 18V and 2.22A respectively. These values are then 

used in obtaining the Fill Factor (FF) which is the ratio of Maximum Obtainable Power to the product 

of the Open-Circuit Voltage and Short-Circuit Current (PV Education, 2019).  

 The graph below, Figure 27, shows where the where the FF is found, which is basically just the 

ratio of the Theoretical Power to the Maximum Power or how well the small rectangle fits in the big 

rectangle. 

 

Figure 27 - Fill Factor (PV Education, 2019)  

https://www.google.com.cy/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiko8a27MjiAhVNzRoKHY-XCacQjRx6BAgBEAU&url=https%3A%2F%2Fwww.quora.com%2FWhat-are-the-filling-factors-of-a-solar-cell&psig=AOvVaw2pv9VWXmejNHu90SfLG2IA&ust=1559497745609007
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The formula for finding the Fill Factor is given by (PV Education, 2019): 

    𝐹𝐹 =
𝑃𝑀𝐴𝑋

𝑉𝑂𝐶𝐼𝑆𝐶
=

𝑉𝑀𝑃𝐼𝑀𝑃

𝑉𝑂𝐶𝐼𝑆𝐶
      (3) 

𝑭𝑭 =
18𝑉 ∗ 2.22𝐴

21.61𝑉 ∗ 2.38𝐴
= 0.77695 = 𝟕𝟕. 𝟕𝟎% 

With the Fill Factor known, it can be used to determine the efficiency of the PV Panel when only VOC 

and the ISC are known using equation 4 below (PV Education, 2019): 

     𝜂 =
𝑉𝑂𝐶𝐼𝑆𝐶

𝑃𝐼𝑁
𝐹𝐹      (4) 

3.3.3. HP Specific Calculations 

Only a portion of the absorbed energy by the PV Panels is converted to electricity and the rest of the 

energy must be extracted otherwise it will increase temperature of PV panels. The concentrated solar 

energy is delivered to the solar cell at up to 20 to 100
W

cm2 

(Anderson, Dussinger, Sarraf, & Tamanna, 2008). 

For defining the performance of a PV cell, the concept of Standard Test Conditions (STC) is 

needed. The reference electrical power produced by a photovoltaic panel is defined for an intensity of 

solar radiation of 1000 W/m². A heat pipe cooling system was developed to remove the excess heat flux 

from the panels given the following parameters: 

The amount Heat removed during cooling operation (Pollard, 2017): 

𝑄𝐻𝑒𝑎𝑡 𝑡𝑜 𝑏𝑒 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = 𝑄𝑑𝑖𝑠𝑠𝑝𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑃𝑉 𝑝𝑎𝑛𝑒𝑙 = (𝑆 × 𝐴𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 ) − 𝑄𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡  (5) 

❖ 𝑺, insolation level  =  1000 
𝑊

𝑚2 

❖ 𝑨𝑺𝒖𝒓𝒇𝒂𝒄𝒆 𝑨𝒓𝒆𝒂 , is the surface area of the PV panel = Length × Width = 0.674 × 0.424=0.286𝒎𝟐 

❖ 𝑸𝑬𝒍𝒆𝒄𝒕𝒓𝒊𝒄 𝑷𝒐𝒘𝒆𝒓 𝒐𝒖𝒕𝒑𝒖𝒕 = 40𝑊 

𝑄𝐻𝑒𝑎𝑡 𝑡𝑜 𝑏𝑒 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = 1000
𝑊

𝑚2 ∗ 0.286𝑚2 − 40𝑊 = 246 𝑊  

Table 14 – HP-PV Cooling Requirements 

 

Solar Panel Size 0.674m × 0.424m 

𝑺 , Insolation level 𝟏𝟎𝟎𝟎 𝑾/𝒎𝟐 

𝐐 Heat Removal During Operation 𝟐𝟒𝟔 𝑾 

Temperature range of Interest 3℃- 45 ℃ 
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Estimation of Air Heat Transfer 

Coefficient using date from (Engineering 

ToolBox, 2003). Figure 28 on the right 

shows that at a wind speed of 3 m/s, the 

Heat Transfer Coefficient is ≈ 23 

W/(m2K) 

 

 

3.3.3.1. Proper Fin Length Calculation: 

 
Heat transfer drops exponentially as the length of the fin increases and beyond a certain length, the heat 

transfer goes to zero. Therefore, a proper fin length is to be calculated to avoid waste of material and 

excessive weight (CENGEL, 2002). 

To Calculate the proper length of a fin, we compare heat transfer from a fin of finite length to 

heat transfer from an infinitely long fin under the same conditions. (CENGEL, 2002) 

In practice, a fin length that corresponds to about 𝑎L = 1 will transfer 76.2 percent of the heat 

that can be transferred by an infinitely long fin, and thus it should offer a good compromise between 

heat transfer performance and the fin size (CENGEL, 2002).  

 

𝑎𝐿 = 1  

where, 𝑎 = √
ℎ𝑝

𝑘𝐴𝑐
   

𝐿 =
1

√
ℎ𝑝

𝑘𝐴𝑐
  

=
1

√ 23 × 0.362
220 × 1.8 × 10−4 

  

= 0.097263𝑚 = 97.263𝑚𝑚 

Assumptions: Width (𝒘)  & Thickness (𝒕) are 180mm and 2mm respectively 

• ℎ = 23 𝑊/(𝑚2𝐾) 

• Ac = 𝑤𝑡 = 180 × 2 × 10−6 = 3.6 × 10−4 𝑚2 

• 𝑝 = 2(𝑤 + 𝑡)= 2(0.180 + 0.002) 0.364m 

• 𝑘 = 220W/m − K 

Proper Fin Length, 𝐋 = 𝟎. 𝟎𝟗𝟕𝟐𝟔𝟑𝐦 = 𝟗𝟕. 𝟐𝟔𝟑𝐦𝐦 

 

Figure 28 - Air Heat Transfer Coefficient and  Air velocity relation 

(Engineering ToolBox, 2003) 
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3.3.3.2. Fin Density Calculation:   

By intuition, it would be better to have more fins per unit area, but in reality, this is not true. If the space 

between fins is too small it will decrease the heat dissipation rate, as the air won’t be able to flow within 

confined spaces and their won’t be enough area for each fin to radiate heat (Elliott, 2013).  

Table 15 below provides a system to determine the optimum spacing between fins based on the 

fin’s length and wind speed.  

Table 15 - Fins spacing vs Airflow and Fin length (Elliott, 2013) 

Using the above data, it can be estimated that the optimum Fin spacing ≥ 2.646mm given an 

Airflow of 3m/s and fin length of 97.2 mm. 

Heat transfer rate with no Fins attached to Heat Pipe 

 

 

    

 

 

 

 

 

Ano fin = 4 × 2πrLcondensor = 5 × 2π × 0.004 × 0.12666 = 0.01591 m2 

• 𝑟 = 0.004𝑚 

• Lcondensor = 0.12666𝑚 

𝐀𝐧𝐨 𝐟𝐢𝐧 = 𝟎. 𝟎𝟏𝟓𝟗𝟏 

 

Ano fin, Area with No Fins attached 

shaded in yellow 

Figure 29 - Shows Shaded No fin Area 
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Q̇no fin = hAno fin(Tb − T∞) = 23 × 70.01591 × (65 − 30) = 12.812W 

• ℎ = 23 𝑊/(𝑚2𝐾) 

• 𝑇𝑏 = 65℃ 

•   𝑇∞ = 30℃ 

�̇�𝐧𝐨 𝐟𝐢𝐧 =12.812W 

 

Heat transfer rate with Fins attached to Heat Pipe 

𝐴 𝑓𝑖𝑛 = 𝑛2𝑤 (𝐿 +
𝑡

2
)= 2 × 0.18 (0.097263 +

2×10−3

2
)=0.03537𝑚2 

  

 

 

                                                           

• 𝐿 ≈ 0.097263𝑚 

• 𝑤 = 0.18𝑚                        

• 𝑡 =   2 × 10−3𝑚  

• 𝑛 = 1 

𝑨 𝒇𝒊𝒏 = 𝟎. 𝟎𝟑𝟓𝟑𝟕𝒎𝟐 

Factor used to calculate fin effciency,ξ 

𝜉 =  (𝐿 +
𝑡

2
) √

ℎ

𝑘𝑡
 = (0.097263 +

𝟐×𝟏𝟎−𝟑

2
) √

23

220 ×2×10−3 = 0.710 

𝝃 =  𝟎. 𝟕𝟏𝟎 

Evaluated from Figure 31 on the next page. 

𝐴 𝑓𝑖𝑛, Area of the Fin 

Figure 30 - Shows 𝐴 𝑓𝑖𝑛 to be Calculated 
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Figure 31 -  Efficiency of circular, rectangular, and triangular fins (CENGEL, 2002) 

Using the above data,  𝜼𝒇𝒊𝒏 ≈ 𝟕𝟑% = 𝟎. 𝟕𝟑 

𝑛 =
�̇�𝑓𝑖𝑛

𝜂𝑓𝑖𝑛ℎ𝐴 𝑓𝑖𝑛(𝑇𝑏−𝑇∞)
=

246

0.73×23×0.03537×(65−30)
 = 11.835 ≈ 𝟏𝟐 𝒇𝒊𝒏𝒔  

𝟏𝟐 𝒇𝒊𝒏𝒔 𝒘𝒊𝒍𝒍 𝒃𝒆 𝒖𝒔𝒆𝒅  

 

 

 

 

 

 

 

�̇�𝑢𝑛𝑓𝑖𝑛𝑒𝑑 = ℎ𝐴𝑇𝑜𝑡𝑎𝑙 𝑢𝑛𝑓𝑖𝑛𝑛𝑒𝑑 (𝑇𝑏 − 𝑇∞) 

�̇�𝑢𝑛𝑓𝑖𝑛𝑒𝑑= 23 × (0.0129) × (65 − 30) = 𝟏𝟎. 𝟑𝟖𝟓𝑾 

Q̇unfined = 10.385W 

𝜀𝑓𝑖𝑛 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 =  
�̇�𝑡𝑜𝑡𝑎𝑙 𝑓𝑖𝑛

�̇�𝑛𝑜 𝑓𝑖𝑛

=  
�̇�𝑡𝑜𝑡𝑎𝑙 𝑓𝑖𝑛

�̇�𝑛𝑜 𝑓𝑖𝑛

=
�̇�𝑓𝑖𝑛 + �̇�𝑢𝑛𝑓𝑖𝑛𝑒𝑑

�̇�𝑛𝑜 𝑓𝑖𝑛

=
246 + 10.385

12.812W
= 20.01 

𝜺𝒇𝒊𝒏 𝑶𝒗𝒆𝒓𝒂𝒍𝒍 = 𝟐𝟎. 𝟎𝟏 

 

𝐴𝑢𝑛𝑓𝑖𝑛𝑛𝑒𝑑 , Area 

with No fin attached  

Figure 32 - Shows Unfinned Area 
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3.3.4. PCM Specific Calculations 

The mass of the Aluminium alloy container is found to be: 

Aluminium Alloy 1050A has a density of 2700
𝑘𝑔

𝑚3.  The entire container will be a system that 

consist of an open top container, 5 internal fins and a lid to close the container. The complete closed 

system is shown in Figure 33 below with the fins already inside. Other than the container that was made 

from a 5mm thick sheet, the lid and the fins utilize a 2mm thick sheet. 

 

Figure 33 – Complete Container with Dimensions 

 By use of SolidWorks, the mass of the whole container was found to be: 

𝑚 = 5985.5 𝑔𝑟𝑎𝑚𝑠 ≈ 6.00 𝐾𝑔 

The internal volume of the PCM container is found to be: 

 𝑉𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑙𝑏ℎ = 0.600𝑚 ∗ 0.060𝑚 ∗ 0.265𝑚 =  0.00954𝑚3 

 A gap of about 70mm will be dedicated at the top of the container for expansion as similarly 

done in other studies. Also, the container will have five fins, each 2mm thick, internally placed which 

makes the actual volume to be considered for the PCM to take up to be: 

 𝑉𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑉𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 − 𝑉𝑓𝑖𝑛𝑠 −  𝑉𝑔𝑎𝑝  

𝑉𝑎𝑐𝑡𝑢𝑎𝑙 = 0.00954𝑚3 − (5 ∗ 0.002𝑚 ∗ 0.060𝑚 ∗ 0.260𝑚) − (0.60𝑚 ∗ 0.06𝑚 ∗ 0.07)𝑚 

 𝑉𝑎𝑐𝑡𝑢𝑎𝑙 = 0.006864𝑚3 

This is the volume PCM the Container should hold. When phase change occurs and the solid 

changes and melts to a liquid, it expands by 12.5% because the density changes from 880
𝑘𝑔

𝑚3 to 770
𝑘𝑔

𝑚3.  
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𝑉𝑙𝑖𝑞𝑢𝑖𝑑 = 0.006864𝑚3 ∗
112.5

100
= 0.007722𝑚3 

This proves to be less than 𝑉𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙. Therefore, the 70mm gap left at the top of the container 

is sufficient for this expansion. Using this volume and the density of the selected PCM in liquid form, 

the mass that the container will hold is found to be: 

𝑚 = 𝜌𝑉𝑎𝑐𝑡𝑢𝑎𝑙 = 770
𝑘𝑔

𝑚3
∗ 0.007722𝑚3 = 5.945𝑘𝑔 ≈ 6𝑘𝑔 𝑃𝐶𝑀 

 The energy stored by the PCM is calculated as follows (Ibrahima, Al-Sulaimana, Rahmana, 

Yilbasb, & Sahinb, 2017): 

𝑄𝑠 = 𝑚𝑐(𝑇𝑃𝑉 − 𝑇𝑎𝑚𝑏)     (6) 𝑇𝑎𝑚𝑏 <  𝑇𝑃𝑉 <  𝑇𝑚 

𝑄𝑠 = 𝑚𝑐(𝑇𝑚 − 𝑇𝑎𝑚𝑏) + 𝐻    (7) 𝑇𝑚 ⩽  𝑇𝑃𝑉 <  𝑇𝑚 +  ∆𝑇 

𝑄𝑠 = 𝑚𝑐(𝑇𝑚 − 𝑇𝑎𝑚𝑏) + 𝐻 + 𝑚𝑐(𝑇𝑃𝑉 − 𝑇𝑚)  (8) 𝑇𝑃𝑉 ⩾  𝑇𝑚 

Using equation 8 with 𝐻 = 𝑚𝐿𝑃𝐶𝑀,  representing the Enthalpy of fusion,   Table 16 

below was formed 

  Table 16 – PCM Heat Storage Capabilities 

Month Average Temperature 

(oC) 

Operating Cell 

Temperature (oC) 

PCM Heat 

Storage (kJ) 

January 12 46 2118 

February 12 46 2118 

March 14 48 2142 

April 17 51 2178 

May 22 56 2238 

June 26 60 2286 

July 27 61 2298 

August 28 62 2310 

September 26 60 2286 

October 22 56 2238 

November 17 51 2178 

December 14 48 2142 

 

Where: 𝐿𝑃𝐶𝑀 = 250 𝑘𝐽 𝑘𝑔⁄ & 𝐶 =

2 𝑘𝐽 𝑘𝑔𝐾⁄  from catalogue 
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3.4. COST ANALYSIS 

3.4.1. Bill of Materials 

3.4.1.1. HP-PV System BOM 

Table 17 Below shows how much was spent on the components and materials for the HP-PV System: 

Table 17 – HP-PV System BOM  

 

Bill of Material 

Product: Heat Pipe-PV System Date: 12th of May, 2019 

Assembly: Sean Stevenson 

Item 

No 

Drawing 

No 
Part Name Description Quantity Source 

Cost 

(USD) 

1 A-1-1 PV Panel 
TommaTech 40W 

PV Panel 
1 Gunes (TRNC) 45 

2 C-1-1 Heat Pipe 
8mm Round 

Copper Heat Pipe 
3 Conrad (GER) 87 

3 C-1-2 Fins 
2mm Aluminum 

1050A Material 
0.36m x 0.60m 

Halil Tozaki 

(TRNC) 
- 

Minimum Available Size of 2mm Aluminum 1050A Sheet 0.50m x 1.00m 
Halil Tozaki 

(TRNC) 
20 

4 C-1-3 Saddle 
15mm Aluminum 

1050A Evaporator 

0.127m x 

0.29m 

Halil Tozaki 

(TRNC) 
- 

Minimum Available Size of 15mm Aluminum 1050A Sheet 0.15m x 0.48m 
Halil Tozaki 

(TRNC) 
37 

5 E-1-1 Thermal Paste 
Thermal 

Conductive Paste 
100ml 

DigiTech 

(TRNC) 
11 

 

Total cost: 200 USD 

 
Prepared by: Sean Stevenson 

 
Checked by:  Mpho Sothoane  
Approved by: Waddah Essamuldeen 

  Page   1 /3 

The Mechanical Design Process (Ullman, 2008)                        Designed by Professor David G. Ullman 

Copyright 2008, McGraw Hill                                                     Form # 23.0 
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3.4.1.2. PCM-PV System BOM 

Table 18 Below shows how much was spent on the components and materials for the PCM-

PV System: 

Table 18 – PCM-PV System BOM  

Bill of Material 

Product: Phase Change Material-PV System Date: 12th of May, 2019 

Assembly: Mpho Sothoane 

Item 

No 

Drawing 

No 
Part Name Description Quantity Source 

Cost 

(USD) 

1 A-1-1 PV Panel 
TommaTech 40W 

PV Panel 
1 Gunes (TRNC) 45 

2 D-1-1 
Phase Change 

Material 

RT 28 HC Wax 

PCM 
6 kg Rubitherm (GER) 72 

3 D-1-2 PCM Container 
5mm Aluminum 

1050A Sheet 
0.74m x 0.87m 

Halil Tozaki 

(TRNC) 
- 

Minimum Available Size of 5mm Aluminum 1050A Sheet 1.00m x 1.00m 
Halil Tozaki 

(TRNC) 
125 

4 D-1-3 Fins 
2mm Aluminum 

1050A Material 
0.26m x 0.30m 

Halil Tozaki 

(TRNC) 
- 

5 D-1-4 Container Lid 
2mm Aluminum 

1050A Material 
0.10m x 0.66m 

Halil Tozaki 

(TRNC) 
- 

Minimum Available Size of 2mm Aluminum 1050A Sheet 0.50m x 1.00m 
Halil Tozaki 

(TRNC) 
20 

 

Total cost: 262 USD 

 
Prepared by: Mpho Sothoane 

 
Checked by:  Sean Stevenson  
Approved by: Othiman Saeed 

  Page    2/3 

The Mechanical Design Process (Ullman, 2008)                       Designed by Professor David G. Ullman 

Copyright 2008, McGraw Hill                                                     Form # 23.0 
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3.4.1.3. HP-PV & PCM-PV System Shared BOM 

Table 19: Below shows how much was spent on the components and materials used for both the HP-

PV & PCM-PV System 

Table 19 - Shared BOM 

Bill of Material 

Product: HP-PV & PCM-PV System Shared Material Date: 12th of May, 2019 

Assembly: Mpho Sothoane 

Item 

No 

Drawing 

No 
Part Name Description Quantity Source 

Cost 

(USD) 

1 B-1-1 
PV Panel Stand 

Hypotenuse Legs 

30mm x 30mm Mild 

Steel Profile 
2.40m 

İlkay M. Genç Ltd. 

(TRNC) 
- 

2 B-1-2 
PV Panel Stand 

Hind Legs 

30mm x 30mm Mild 

Steel Profile 
1.328m 

İlkay M. Genç Ltd. 

(TRNC) 
- 

3 B-1-3 
PV Panel Stand 

Support Cross Bars 

30mm x 30mm Mild 

Steel Profile 
1.20m 

İlkay M. Genç Ltd. 

(TRNC) 
- 

 

4 

B-1-4 
PV Panel Stand 

Joining Cross Bars 

30mm x 30mm Mild 

Steel Profile 
0.54m 

İlkay M. Genç Ltd. 

(TRNC) 
- 

Minimum Available Size Mild Steel Profile 6.00m 
İlkay M. Genç Ltd. 

(TRNC) 
14 

5 E-1-2 Epoxy Resin Glue 
Adhesive Aluminium 

Glue 
300ml Arkadaş Ticaret (TRNC) 7 

6 E-1-3 Alcohol Clear Spirits 500ml Arkadaş Ticaret (TRNC) 3 

7 E-1-4 Spray Paint Matt Black Canister 300ml Arkadaş Ticaret (TRNC) 3 

 

Total cost: 27 USD 

 
Prepared by: Mpho Sothoane 

 
Checked by:  Sean Stevenson  
Approved by: Othiman Saeed 

  Page    3/3 

The Mechanical Design Process (Ullman, 2008)                       Designed by Professor David G. Ullman 

Copyright 2008, McGraw Hill                                                     Form # 23.0 
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3.4.2. Manufacturing and Handling Costs 

3.4.2.1. PV Panel & Stand Costs 

The PV Panels were bought from a local supply which eliminated shipping and any other 

handling costs. The PV Panel Stand could not be manufactured at the department’s workshop 

because it was at capacity, therefore an independent manufacturer with cutting and welding 

equipment had to be sourced. Fabrication of the PV Stand costed 20 USD, thus bringing the 

total shared costs of the project to: 

𝐶𝑜𝑠𝑡𝑇𝑜𝑡𝑎𝑙 𝑆ℎ𝑎𝑟𝑒𝑑 = 𝐶𝑜𝑠𝑡𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 + 𝐶𝑜𝑠𝑡 𝑀𝑎𝑛𝑢&𝐻𝑎𝑛𝑑𝑙𝑖𝑛𝑔 = 27 + 20 = 47 𝑈𝑆𝐷   

3.4.2.2. HP-PV System Costs 

The PCM is was bought and shipped from Conrad, the German branch. Shipping from Conrad 

to Eastern Mediterranean University, North Cyprus, was via DHL postal service at a cost of 12 

USD. All the manufacturing regarding the HP-PV system was done in the University’s 

workshop and the Aluminium was sourced locally, thus eliminating any extra manufacturing 

Costs. This brings the total cost of the HP-PV system to: 

𝐶𝑜𝑠𝑡𝑇𝑜𝑡𝑎𝑙 𝐻𝑃−𝑃𝑉 = 𝐶𝑜𝑠𝑡𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 + 𝐶𝑜𝑠𝑡 𝑀𝑎𝑛𝑢&𝐻𝑎𝑛𝑑𝑙𝑖𝑛𝑔 = 200 + 12 = 212 𝑈𝑆𝐷   

The Pie-chart below (Figure 34) illustrates in detail the cost breakdown of the HP-PV system. 

 

Figure 34 – Cost Breakdown: HP-PV System 

The Heat Pipes Covered most of the costs as expected.  

$45,00; 21%

$57,00; 27%

$87,00; 41%

$11,00; 5%

$0,00; 0%

$12,00; 6%

$0,00; 0%

COST BREAKDOWN: HP-PV

PV Panel

Aluminium Sheets

Heat Pipes

Thermal Paste

Manufacturing Costs

Shipping Costs

Handling Costs



42 

 

3.4.2.3. PCM-PV System Costs 

The PCM is was bought and shipped from Rubitherm, a German company. Shipping from 

Germany to Eastern Mediterranean University, North Cyprus, was via DHL postal service at a 

cost of 40 USD. 6Kg of PCM was considered a small quantity for the company to manufacture, 

therefore, a surcharge of 47 USD was charged. Furthermore, a packaging charge of 5 USD was 

added to the PCM. This yielded to an expenditure of 175 USD for the PCM.  

 The PCM Container required TIG welding, equipment for this was not available at any 

of the University’s workshops. Therefore, the welding was done at a private workshop with 

TIG welding equipment which costed 25 USD. Table 20 below shows the encountered costs: 

Table 20 - PCM-PV System Manufacturing & Handling Costs 

Part Description Cost (USD) 

PCM 

Shipping 40 

Surcharge 47 

Packaging 5 

PCM Container TIG Welding 25 

Total PCM-PV System Manufacturing & Handling Costs 117 USD 

 

Adding the Total Manufacturing and Handling Costs to the PCM-PV System BOM Costs 

determined in Table 18, the Total Cost of the PCM-PV system was found to be: 

𝐶𝑜𝑠𝑡𝑇𝑜𝑡𝑎𝑙 𝑃𝐶𝑀−𝑃𝑉 = 𝐶𝑜𝑠𝑡𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 + 𝐶𝑜𝑠𝑡 𝑀𝑎𝑛𝑢&𝐻𝑎𝑛𝑑𝑙𝑖𝑛𝑔 = 262 + 117 = 379 𝑈𝑆𝐷   

The following Pie-Chart (Figure 35) shows the impact of several costs on the entire PCM-PV 

System where we see that the PCM only costed a fifth of the total system  

 

  

Figure 35 - Cost Breakdown: PCM-PV System 
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3.4.2.4. Total Project Cost 

The total cost for the project was found to be: 

𝐶𝑜𝑠𝑡𝑇𝑜𝑡𝑎𝑙 = 𝐶𝑜𝑠𝑡 𝐻𝑃−𝑃𝑉 + 𝐶𝑜𝑠𝑡 𝑃𝐶𝑀−𝑃𝑉 + 𝐶𝑜𝑠𝑡 𝑆ℎ𝑎𝑟𝑒𝑑 = 212 + 379 + 47 = 638 𝑈𝑆𝐷 

 The following Pie-Chart (Figure 36) shows the weight and the total costs of each Cooling 

System as well as the costs shared amongst them respectively. 

 

Figure 36 – Cost Breakdown: Project  

It is seen that the PCM-PV system was where most of the project costs fell. Figure 37 below shows 

exactly where the costs fell in the following chart. This is used for later discussions.   
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CHAPTER 4 

4. MANUFACTURING  

This chapter will discuss the manufacturing plans of the PV Panel stands; HP-PV system and PCM-PV 

systems. A Manufacturing process will be chosen for the stands and systems followed by detailed 

explanation of the selected processes. Lastly, this section will give an Assembly process for each 

system. 

4.1. MANUFACTURING PROCESS SELECTION 

According to Groover, a manufacturing process is a procedure designed to make physical changes to a 

starting work material with the intention of increasing the value of that material (Groover, 2010). For 

the purposes of this project, the value of the materials will be increased (Shaped) in a manner that will 

contribute to the project objectives be met. Manufacturing operations are divided into two basic types:  

A. Processing operations 

B. Assembly operations. 

4.1.1. Solar Panel Stand Processing Operations 

The material used for the PV panel stand is steel hollow 30x30 mm mild steel profiles. The 

stand was designed to have a 35o angle referenced from the ground. A very simple design was 

opted for in order to ease manufacturing and have a low cost. Furthermore, a crucial objective 

for the stand was to provide support to the PCM-PV system that has a combined weight of 

15Kg. 

 

4.1.1.1. Manufacturing Process Selection: 

There are two processes needed for manufacturing the stand as shown in Figure 38. 

A. Cutting  

B. Welding 

 

 

 

 

 

 

 

 

 

 

Fabrication of Solar 

Panel Stand 

Cutting  

Welding  

Figure 38 – PV Panel Stand Processing Flow Chart 
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4.1.2. HP-PV System Processing Operations 

To manufacture the Aluminum Fins to the desired shape, a Cutting and Drilling process will be 

used. A raw Aluminum Block will go a through a Milling process to produce the wanted Saddle 

shape and then three holes will be drilled horizontally for the three Heat Pipes. The organogram 

below (Figure 39) summarizes the manufacturing processes used to produce the Heat Pipe Cooling 

System components: 
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Figure 39 - HP-PV System Processing Organogram 
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4.1.3. PCM-PV System Processing Operations    

To manufacture the Aluminum Container to desired shape, a cutting process followed by a bending 

and welding processes were used. To manufacture the Aluminum Fins to the desired shape, a 

Cutting process was used followed by a welding process. The organogram below (Figure 40) 

layouts the processing operation. 
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Figure 40 - PCM-PV System Processing Organogram 
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4.2. DETAILED MANUFACTURING PROCESS 

4.2.1. PV Panel Stand Detailed Manufacturing Operations  

Before beginning the manufacturing of the Stand, the overall lengths of the metal bars had to be summed 

up in order to know how much will be needed to complete the stand. Taking the lengths from Table 13 

in section 3.3.2.2., the overall length of the metal profile needed is found to be: 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ = 2(1200) + 2(600) + 2(664) + 540 = 5468𝑚𝑚 = 5.46𝑚 

 A 6m profile was brought (standard available sizes) for manufacturing the stand. Since the 

Universities workshop was at capacity, the stand had to be manufactured at a privately-owned 

workshop. Below is detailed description of how the PV Panel stand was manufactured: 

4.2.1.1. Metal Bars Cutting  

Before cutting the 6m profile down to required sizes, they had to be marked down using a measuring 

tape and a pencil to make the markings as shown in the images below (Figure 41). Accuracy is important 

here in order to obtain a perfect 35o angle.  

 

 After at the necessary markings were made of on the steel profile, the profile was cut down to 

size using a Chop saw as shown in the Figure 42 below: 

 

Figure 42 - Chop Sawing 

Figure 41 - Marking of Steel Profiles 
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The last step before welding is to cut a 55o angle at the bottom of the hypotenuse legs so that they may 

make a 35o angle with the ground and to make a 35o angle at the top of the Hind legs where the 

Hypotenuse legs will join. This is shown in Figure 43 on the right: 

 

 

 

 

 

4.2.1.2. Arc Welding for PV Panel Stand   

Once the profile has been cut down to appropriate sizes, welding commenced. For welding Mild 

Steel bars, Arc Welding was used. After marking off where each piece needed to be welded, the Cross 

Bars were welded onto the Hypotenuse Legs first and then all together welded onto the Hind Legs. Burs 

were removed using an angle grinder. The following images (Figure 44) show the welding sequence: 

    

4.2.1.3. Spray Painting  

In order to protect the metal from corrosion and for aesthetic purposes, the stand was spray painted Matt 

Black. The spray-painting of the stand is shown in the figures below (Figure 45): 

    

Figure 43 - Legs Cut at an Angle 

Figure 44 - Welding Sequence 

Figure 45 - Spray-Painting 
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4.2.2. HP-PV System Detailed Manufacturing Operations 

4.2.2.1. Aluminum Fins  

A. A cutting process was used to obtain the desired Aluminum Fin size. The process was to cut 

the raw Aluminum Sheets to the desired fin dimension of 180𝑚𝑚 ×  97.2𝑚𝑚. The dimensions 

were marked and drawn using a Scriber and Ruler on the raw Sheets. Afterwards, the marked 

lines were cut on the guillotine, then the desired fin size was achieved.   

The tools that were used during this process are: 

a) Scriber 

b) Steel Ruler 

c) Guillotine 

B. The Second process was drilling, where the Heat pipe diameter size was drilled through the 

sheets. The first step was to locate the center of all the holes needed using the Scriber and Ruler. 

To make the center of the hole location more visible and to aid drilling the hole center was 

marked using a hammer and center punch. The fins were then secure in the machine vice on the 

pillar drill. The speed of the drill was set to the correct speed for an 8mm drill bit and the holes 

drilled. To finish the operation all burs and sharp edges were removed. 

4.2.2.2. Heat Input Saddle 

To manufacture the Saddle to the desired shape, a milling process was used. First the raw aluminum 

block was to its rough dimensions on a reciprocating saw. The milling process was started by securing 

the raw Aluminum block in the machine vice, that was secured to the milling table. Using an end mill 

the external dimensions of the saddle were cut. Next an 8mm slot mill was used to partially cut the slots 

where the heat pipe is located. A modified drill bit was used to cut the remaining metal from the slots. 

This created a rounded hole in the slots ensuring that the heat pipe was in good contact with the saddle 

to better ensure heat conduction. The final stage of manufacturing was to drill and tap 2 holes on the 

top of the saddle. Figure 46 below show some of the milling of the Heat Pipe slots operation.  

      

 

  

Figure 46 – Heat Pipe Slots 
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4.2.2.3. Inserting Heat Pipes 

After the parts for the heat pipe had been manufactured it was then assembled. All of the parts were 

thoroughly cleaned with alcohol to remove any grease. A thermal paste compound was applied to the 

slots, this helped to ensure that all the air gap was filled that could affect thermal conduction as shown 

in Figure 47 below.  

The heat pipes were then fitted into the slots, making sure that the evaporator and condenser sections 

were equal length. Next the heat pipes were secured in place by screwing an aluminum plate over the 

top of them. Then a section of insulation foam was glued over the condenser section of the heat pipe, 

this was to ensure that ambient heat was not transferred to the heat pipe. Next the aluminum fins were 

fitted on to the two evaporator sections of the heat pipe. The drilled holes on the fin were coated in 

thermal pastes and then slid on to the heat pipe. 

 

 

 

 

 

 

  

When the fins were accurately positioned, they were secured in place with epoxy glue. The final stage 

in assembly was to secure the assembled heat pipe to the PV-panel. The surface of the saddle was made 

rough using emery paper to make the glue stick better. The surface of the saddle and the PV-panel were 

cleaned using alcohol. Glue was applied to the entire surface of the saddled and then the pressed against 

the PV-panel as shown in Figure 48 below. The saddle was held under pressure from a Friday to Monday 

to ensure the glue set. 

 

Figure 47 - Thermal Paste in HP Slots 

Figure 48 - Final Assembly Sequence 
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4.2.3. PCM-PV System Detailed Manufacturing Operations 

4.2.3.1. PCM Container Cutting 

The PCM container was fabricated from a 5mm Aluminum 1050A sheet. Ideally a 4mm sheet would 

be used for less weight however, only 4mm sheets were not available. Standard sizes of 5mm thick 

Aluminium 1050A sheets that were found was 1x1m sheets. One sheet was enough for the rectangular 

shaped container of dimensions 610mm x 270mm x 70mm. these dimensions of the container were 

finalized after measuring the back of the PV panel (meaning fabrication did not start until PV panels 

were delivered) as shown in the figures below (Figure 49).  

 

 The 1m x 1m Aluminium sheet was first cut down into two smaller sized sheets that would later 

be bent and welded together. The dimensions of the two smaller sized sheets are 610mm x 340mm and 

740mm x 270mm respectively. This plate was cut using a Guillotine in one of the Universities larger 

workshops.  

4.2.3.2. PCM Container Bending 

After the smaller sized sheets were cut, they were then bent using a bending machine to form two 

counter parts (L and U shaped) to be welded together later as shown in the figures below (Figure 50) 

 

Figure 49 - Measurements of PV Panel's Back 

Figure 50 - Aluminium Sheets Post Bending 
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4.2.3.3. PCM Container Fins and Lid Cutting  

The PCM-PV system Fins and PCM container lid were all manufactured from a 2mm thick sheet 

Aluminium 1050A sheet. Sheets were only sold in standard sizes of 1m x 1m, this was more than enough 

for five PCM fins of dimensions 265mm x 60mm as well as the lid which was fabricated from a 660mm 

x 70mm sheet bent at the edges to form a U-shape to fit on top of the container. The rest of the sheet 

was utilized in the HP-PV system. The fins and lid where cut simultaneously with the 5mm Aluminium 

sheet for the container in the larger university workshop. The figures below (Figure 52, Figure 53 and 

Figure 51) show the fins and lid: 

 

 

 

 

 

4.2.3.4. PCM Container TIG Welding 

Once all sheets for the container and fins had been cut down to their respective sizes and bent into 

counterparts were necessary, welding was ready to commence. Before welding, it is crucial to double 

check all dimensions and mark of where certain parts need to be placed. 100mm spacing was marked 

inside the container to indicate where the fins need to be placed as shown in Figure 54 below: 

  

 

Figure 52 - 2mm Thick Al Sheet Figure 53 - Container Lid 

Figure 51 - PCM Fins 

Figure 54 - Fins Marking 
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 TIG welding equipment was not available at any of the university’s workshops, therefore the 

welding had to be outsourced to a private company. The fins only required a spot weld to hold them in 

place (one at the top and another at the bottom), however the container had to be leak proof therefore, 

it had to be welded all around. The following figures (Figure 55) show the container post welding: 

   

4.2.3.5. PCM Preparations 

Once the container was ready, the PCM could be inserted. The PCM however was already in a solid 

state and needed to be melted in order to be able to extract it fully from its packaging. The PCM was 

melted by keeping it submerged in a bath of hot water. A large Plastic bath was used to hold the water 

and the water was heated using a 3 kW element. Once the water reached temperatures of around 50oC 

to 60oC (temperature of PCM not to be exceeded monitored with a thermometer), the PCM was held 

placed in the water until enough of it melted and poured out into the Aluminium container. This 

procedure was repeated several times until the 6 kg PCM had completely melted and took roughly 4-5 

hours. After all the PCM had been melted and inserted into the Aluminum container, the system was 

left in a cool area to allow for PCM solidification overnight. The following figures (Figure 56 - Figure 

59) show the processes which were all carried out in the Thermal Sciences Laboratory. Figure 56 below 

shows the PCM in raw material whilst solid, before the melting procedure commenced. 

 

Figure 56 - RT 28 HC PCM 

Figure 55 - PCM Container Post Welding 
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The melting procedure consisted of heating the water with an electrical element, using a thermometer 

to measure the water temp and lastly submerging the PCM in the water as shown in Figure 57 below. 

 

 

 

 

 

 

 

Once the PCM was already melted, it was poured into the container as shown in Figure 58 below. 

 

 

Figure 59 below shows the PCM in the container already solidified a day after being left in a cool spot. 

 

Figure 59 - Solidified PCM a Day Later  

Figure 58 - Pouring PCM into Container 

Figure 57 - Melting PCM Procedure 
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4.2.3.6. Attaching Container to PV 

Once the PCM was inside the container and had solidified, the lid was permanently fixed onto the 

container by means of using Sealant Silicon and left for a few hours for the Silicon to dry. The PCM 

system was now ready to be attached to the back of the PV panel. In order to get a good and adhesive 

bond, the container side to stick to the PV panel was sanded to roughen the surface. Before applying 

the Aluminium glue, the container and the back of the PV panel needed to be thoroughly cleaned using 

Alcohol. Glue was applied all over the container surface and attached to the back of the PV Panel. This 

assembly was left to at constant pressure from a Friday to a Monday to alloy for enough settling time. 

These procedures were also followed by Hassan et al (Hasan, McCormaack, Huang, Sawar, & Norton, 

2015). The following figures (Figure 61 and Figure 60) show the last procedures of the PCM-PV 

system: 

  

 

 

 

     

Figure 61 - Sanding of Container Surface 

Figure 60 – Final Assembly Sequence 
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4.3. ASSEMBLY PROCESSES 

4.3.1. HP-PV System Assembly Operations  

After all the parts had been purchased and manufactured, they were assembled as illustrated in the 

following figures (Figure 62).  

 

  

Figure 62 – HP-PV System Assembly Sequence 

Slide the Pipes through the 

slots & add the thermal paste  

 

Attach the Plate & 

fasten with screws 

 

Attach Insulation Foam 

 

Slide Fins on Heat Pipes 

 

Glue HP System onto Panel 
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4.3.2. PCM-PV System Assembly Sequence 

The following figures (Figure 63) give a visual representation of the assembly sequence underwent for 

the PCM-PV part of this project:  

Few spots of TIG welding 

to hold fins in place 

TIG weld all around to 

prevent PCM leaks 

Insert PCM 

Attach PCM system to 

PV panel using Glue 

Figure 63 - PCM-PV System Assembly Sequence 
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CHAPTER 5 

5. PRODUCT TESTING  

This chapter aims to discuss whether the objectives of this project were met or not. Furthermore, the 

testing methods used will be laid out together with a testing setup. Lastly, this chapter aims to verify 

whether applied standards were met throughout this project. 

5.1. VERIFICATION OF THE OBJECTIVES OF THE PROJECT  

The objectives of the project were to design and build two cooling systems for a PV panel in order to 

see which system is more effective. For the project to be a success, the cooling system must effectively 

and efficiently remove heat form the PV panel. By removing heat from the PV panel, the efficiency and 

power output of the PV panel should improve. As stated in Section 1.3 on page 3, the objectives of this 

project were as follows: 

5.1.1. Objectives Verifications 

I. Design and compare two PV Panel Cooling Systems and to find the most efficient 

system. 

i. A Finned HP-Saddle Cooling System and a Finned PCM Cooling system were 

fully designed and fully manufactured. 

ii. The two cooling systems have been attached on separate PV panels for 

comparison and the better cooling system will be known post testing. 

II. Efficiency is the target with regard to the Manufacturing cost and heat removal rate. 

i. The two cooling systems were both designed with regards to cost. Affordable 

and highly available parts were sourced. 

ii. The cooler PV system will produce more power and in return this will have a 

higher efficiency. 

III. To perform a feasibility study of PV generator characteristics and models. 

i. Post testing, the feasibility of the designed systems will be discussed. 

IV. To minimize the amount of solar energy and efficiency lost due to heating of solar and 

PV panels. 

i. The PCM cooling system is designed to remove from the PV panel, store it and 

dissipate the heat to the surroundings, this cools the panel and in turn 

minimizes solar energy and efficiency losses. 

ii.  The HP cooling system is designed to remove from the PV panel and dissipate 

the heat to the surroundings, this cools the panel and in turn minimizes solar 

energy and efficiency losses. 
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5.1.2. Experimental Setup 

To test the systems, the following were used: 

A. Temperature Sensor 

A temperature sensor was attached to the back side of the PV panel to obtain the back-surface 

temperature of the and afterwards attached to the front side of the PV panel to obtain the front-surface 

temperature.  

B. Pyranometer 

A pyranometer was set up in order to measure the solar irradiance.  

C. Multi-Meter 

A Multi-Meter was used to record the Open-Circuit Voltage (VOC) and Short-Circuit Current (ISC) 

described as follows. Set to the volts setting, touch the positive multi-meter lead to the positive solar 

panel wire and the negative to the negative solar panel wire and record the open circuit voltage. Set the 

multi-meter to the amps setting and repeat the above steps to record the short circuit current. These 

values are for determining Power Output as follows (PV Education, 2019): 

𝑃𝑀𝐴𝑋 = 𝑉𝑂𝐶𝐼𝑆𝐶𝐹𝐹     (9) 

D. Reference PV Panel 

A pre-existing PV panel was used for to get a better understanding of the recordings and for more 

comparisons. However, the reference PV panel was for a different model, meaning the composition of 

the Panel was not the same and temperature readings differed significantly. Regardless, the efficiency 

is not dependent on that.  

E. Weather Data 

The ambient air temperature along with the windspeeds were also recorded using a reliable weather 

service provider such as Accuweather (AccuWeather, 2019). 

F. Repetition  

Recordings were taken every half-hour between 10am and 5pm as it is the part of the day with most 

sunlight and would give the best results. Testing was carried out for two consecutive days staring on 

the 13th of May 2019. The recordings were tabulated and graphed for comparison purposes of the 

efficiency’s and temperatures of each PV panel with the cooling systems respectively.  
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5.1.3. Testing Schematic 

The following schematic (Figure 64) shows the how the experiment layout: 

 

Figure 64 - Experiment Layout Schematic 

The experimental layout schematic above (Figure 64) shows that: 

A. The two temperature sensors are connected on the back surface of the PV panel on two different 

places, this is done in order to achieve an average temperature across the surface. 

B. The multimeter connects to the electrical cable coming from the PV panel. The Voltage and the 

Current are the measured accordingly. 

C. The pyranometer is to measure the solar radiation falling on the PV panels in order to calculate 

the available amount of energy. 

D. As shown in Section 4, the cooling system is glued on the back of the PV panel. 
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5.1.4. Testing Layout 

The following schematic (Figure 65) shows the Testing layout where the equipment used can be seen:  

 

  

  

     

Figure 65 – Testing Layout Schematic 

1 

6 
7 

2 

4 
5 

3 

8 

 

8-DC Load 

https://www.google.com.cy/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwirgfaS2JriAhVEElAKHUBcAkIQjRx6BAgBEAU&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FElectronic-load-data-logger-and-host-PC_fig1_332114067&psig=AOvVaw1RgnFSZlf4O6XTNJ7bexuc&ust=1557911851381065
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5.2. VERIFICATION OF APPLIED ENGINEERING STANDARDS 

The constraints the project is to be evaluated on are Economic, Functionality, Maintenance, 

Manufacturability, Environmental, Social, Health & Safety and Inspectability.  

Financial:  

• Initial budget was 500 USD. The aim was to balance cost and quality.  

o The calculated total cost of the project is 638 USD which is over budget. A large 

part of this is due to the shipping and handling cost of the PCM and another factor 

was the high price of Aluminium sheets due to low availability.  

Function:  

• Cooling the PV system by using heat pipe and using phase change material.    

o The test plan in section 5.1 will verify if this constraint has been met. 

Serviceability:  

• Product’s maintenance must be simple and for long time. 

o Once the heat pipe and PCM cooling system are installed they will require no 

maintenance. 

• Design must include parts that are easily replaceable. 

o All the parts are readily available and easy to replace 

• Parts must be cheap to buy.  

o All parts except from the Aluminium sheets were at a reasonable price. 

Manufacturability:  

• Fabrication and installation were done in the university workshop.  

o The design for the heat pipe and PCM cooling systems allows for fabrication and 

installation in the university workshop. Except for the welding of Aluminium and 

the PV panel stand 

• Two joining methods (welding and machine screws). Both can be done in the university 

workshop. 

o Both designs only require the mentioned joining methods. 

• Product’s final finishing must be well done.  

o The products final finish will be assessed after fabrication. 

• Local availability of chosen equipment and if unavailable they must be outsourced and 

within cost constraints.  
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o Shipping cost for some equipment was not within the cost constraints. An effort to 

source the equipment locally or more cost effectively was made.  

Environmental: 

• The panels were put in a safe location. To avoid any damages to people. 

o The panels are located safely next to the Thermal lab (a dedicated space) to avoid 

dangers to people.  

• Manufacturing waste will be collected. 

o Waste from the manufacturing process was cleared and disposed of properly. 

Social: 

• Designs in favor of all people. 

o The designs do not create any limitations on who can use them. 

Health and Safety: 

• Wearing safety shoes and glass and coverall during manufacturing processes. 

o All relevant workshop practices were followed during manufacturing process. 

• The product is safe for the public. 

o All relevant engineering standards were adhered to ensure the safety of the public. 

• The product does not cause any noise. 

o The deigns does not generate any noise. 

• The materials used are not dangerous.   

o The materials used are provided with data sheets and certification to show that they 

do not contain any dangerous substances. Except for the PCM which is sealed 

Inspectability: 

• The system can be inspected during maintenance service.  

o The designed cooling systems are easily accessible for inspection during 

maintenance. 
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5.3. FAILURE MODES AND EFFECTS ANALYSIS 

This section will analyse the Project Failure Modes and Effects Analysis (FMEA) the HP-PV and PCM-

PV systems could undergo. Table 21 below shows the various forms by which the systems could fail 

through the parts they each comprises of.  

Table 21 – Project FMEA 

FMEA (Failure Modes and Effects Analysis) 

Product: PV Cooling Organization Name: Eastern Mediterranean University (Easy Company) 

# Function 

Potential 

Failure 

Modes 

Potential 

Failure Effects 

Potential 

Causes of 

Failure 

Recommend 

Actions 

Responsible 

Person 
Taken Actions 

1 PV Panel 
Weak/No 

Power Output 

Cooling systems 

unable to perform 

their function 

Unreliable 

PV panel & 

manufacturer 

Ensure 

manufacturer is 

certified by a 

recognized body 

All Members 
Well known 

manufacturer sourced + 

warranty sourced 

2 
PV Panel 

Stand 

Fail to support 

PV panel & 

cooling system 

Damage PV panel 

& cooling system 
Weak 

support 
CAD analysis All Members 

ANSYS Static Structural 

Analysis 

3 Heat Pipes 
Not cooling PV 

panel 

PV Panel 

overheating, lower 

efficiency 

Wrong 

working fluid 

Investigate proper 

working fluids for 

desired temp 

range 

HP Team 

Reliable literature 

sources used for 

determining working 

fluid. 

4 HP Saddle 
Not absorbing 

heat from PV 

Panel 

PV Panel 

overheating, lower 

efficiency 

Poor contact 

with PV panel 

Ensure contact 

surface is 

machined flat 

HP Team 
Inspect surface post 

machining and calibrate 

accordingly 

5 HP Fins N/A    HP Team  

6 

Phase 

Change 

Material 

Not cooling PV 

panel 

PV Panel 

overheating, lower 

efficiency 

Melting temp 

above NOCT 
Investigate and 

calculate NOCT 
PCM Team 

NOCT calculations 

sourced from reliable 

literature sources 

7 
PCM 

Container 
Leaking 

PCM leaving 

container 

Improper 

sealing 

Test sealing prior 

to inserting PCM 
PCM Team 

Check if container can 

hold another liquid 

(water) without leaking 

successfully 

8 PCM Fins N/A    PCM Team  

. 

HP Team: Sean, Waddah Prepared by: Mpho  

PCM Team: Mpho, Othiman Checked by: Sean  Approved by: Mpho Sothoane 

The Mechanical Design Process (Ullman, 2008)                                            Designed by Professor David G. Ullman 

Copyright 2008, McGraw Hill                                                                         Form # 22.0 
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CHAPTER 6 

6. RESULTS 

This chapter aims gives the results that were obtained during the testing phase of this project. A 

comparison between the thee PV panels is made in this chapter through graphical representation of the 

results. Furthermore, the Engineering Standards that were applied and followed are presented. Lastly, 

this chapter will identify the constraints met throughout this project. 

6.1. THE RESULTS 

6.1.1. PV Panels Specifications Review 

Figure 66 and Figure 67 show the specifications of the PV panels. It seen that both the panels have the 

same Open-Circuit Voltage and therefore it can be used for comparison unlike the Short-Circuit Current 

 

Figure 66 - PVs With Cooling Specifications 

 

Figure 67 - PV Without Cooling Specification 

Area = 0.14 m2 

Area = 0.29 m2 
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6.1.2. Testing Day 1 

Testing was done on 2 consecutive days and 1 more day a week later at Eastern Mediterranean 

University in Famagusta, TRNC with coordinates: 35.2857° N, 33.8411° E. The first day of Testing 

was on Monday the 13th of May 2019 starting from 13h00 until 17h00 (GMT+3). The Weather data for 

this day was taken to be as shown in the Table 22 below from AccuWeather (AccuWeather, 2019). The 

temperature was double checked by use of a thermometer. Sunset started occurring at around 16h40. 

 Table 22 – 13 May 2019 Weather Conditions 

 

The following graph (Figure 68) shows the Open-Circuit Voltage of each panel as was measured: 

 

Figure 68 - Voltage vs Time 13/05/2019 

 From this graph it seen that the PCM-PV system had a higher voltage output whilst the Reference PV 

panel was trailing both cooled PVs with about 2 Volts on average. 
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The following graph (Figure 69) shows the Short-Circuit Current of each panel as was measured:  

 

Figure 69 - Current vs Time 13/05/2019 

From the above graph, it is seen that the PCM-PV system had a slower drop in Current output compared 

to the HP-PCM. This was likely due to the Phase Change Process. 

6.1.3. Testing Day 2 

The Second day of Testing was on Tuesday the 14th of May 2019 starting from 10h00 until 17h00 

(GMT+3). The Weather data for this day was taken to be as shown in the table below from AccuWeather 

(AccuWeather, 2019). Sunset started occurring at around 16h30. 

 Table 23 - 14 May 2019 Weather Conditions 
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The following graph (Figure 70) shows the Open-Circuit Voltage of each panel as was measured: 

 

Figure 70 - Voltage vs Time 14/05/2019 

 

Figure 71 – Current vs Time 14/05/2019 

From the voltage graph (Figure 70) it seen that the PCM-PV system started with a higher voltage output, 

however the HP-PV system remained at a steadier output and surpassed the PCM-PV system halfway 

through testing. The Reference PV panel remained trailing both cooled PV with about 2 Volts on 

average. The current output of the two cooled PV panels remained nearly identical throughout the day 

as seen in Figure 71.  
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6.1.4. Surface Temperatures 

Part of the objectives of this project was to decrease the surface temperature of the PV Panel, to verify 

this, the temperature of the back of the PV Panels were recorded and found to be as shown in the 

following graphs (Figure 72 and Figure 73): 

 

Figure 72 - Temperature vs Time 14/05/2019 

 

Figure 73 - Temperature vs Time 23/05/2019 

From both the graphs above it is seen that the PCM-PV system starts out the day stronger brings the 

Panel to about 4oC less than the HP-PV system. The HP-PV began leading later in the day from around 

14h00 on both days. This was likely due to the PCM lasting until that time (finished melting).  
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6.1.5. PV Efficiency & Power 

Unlike on the 1st day, the Solar Radiation was recorded successfully for the 2nd day. Table 24 shows the 

recorded Solar Radiation values: 

Table 24 - Solar Radiation 

Time 10:00 10:30 11:00 11:30 12:00 12:30 13:00 

Solar Radiation 
(W/m2) 

886,48 901,01 915,54 959,16 1002,76 988,24 973,71 

 

 

With enough data on this day, the Solar Irradiance made it possible for the PV efficiencies to be 

calculated over the span of the day. The following Bar-Chart (Figure 74) shows the Calculated PV 

efficiency of each systems respectively:  

 

Figure 74 - Overall PV Efficiency 

The PCM-PV and HP-PV each showed Maximum Efficiencies of 12,77% and 12,53% respectively 

while the Reference PV showed a Maximum Efficiency of 9.86%.  
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The following Bar-Chart (Figure 75) shows the Calculated PV Power output per unit area of each 

systems respectively to compare the three PVs’ the Power outputs:  

 

Figure 75 - PV Power Output 

 The power outputs of each system were calculated per unit area for comparison purposes where 

the surface-area of the Reference-PV was 0.14 m2 and the surface-areas of both the HP-PV and PCM-

PV were 0.29 m2 each. As seen in Figure 75 above, the PCM-PV showed a maximum power output of 

122.54 W/m2 and the HP-PV showed a maximum power output of 120.79 W/m2. Both the cooled 

systems surpassed the Reference-PV which only reached a maximum power output of 93.58 W/m2. 

Even in terms of average power output, the PCM-PV (99.29 W/m2) still delivered a more average power 

output than the HP-PV (98.18 W/m2) and the Reference-PV (74.67 W/m2).  
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6.2. THE ENGINEERING STANDARDS 

Throughout this project, General Workshop Safety rules were followed when carrying out mechanical 

related work which is explained in the Detailed Manufacturing Process Chapter. 

6.2.1. PV Panels 

IEC 62548:2016 sets out design requirements for photovoltaic (PV) arrays including DC array 

wiring, electrical protection devices, switching and earthing provisions (IEC, 2018). See appendix for 

C-1: Solar Panel Standards for details 

6.2.2. HP-PV System 

The heat pipe is classed as an electric or electronic component and as such must not contain hazardous 

substances. The heat pipe to be used is RoHS compliant (EU Directive 2002/95/EC) (RoHS Guide 

Compiance, 2018), see Appendix C-2: HP-PV Standards, for data sheet of safe levels. 

The material used in the saddle and fins is Aluminum 1050A must be capable of dissipating 246W 

of heat. Aluminum mechanical properties are covered by ASTM B209 - 14 (ASTM, 2014) see appendix 

C-2: HP-PV Standards for material data sheet. 

Manufacturing of the heat pipe cooling system took place in the mechanical engineering workshop. 

General safety and health in the workshop are covered by OSH Act 1970. (United States Department 

of Labor, 2018)  

The mechanical engineering drawings used in the Heat Pipe Cooling System are to standard set 

according to (ISO 01.100.20) (International Orginization for Standardization, 2018) 

6.2.3. PCM-PV System 

The specific heat of Aluminium 1050A is 900 J kg-1.k-1, the thermal conductivity is 229 W cm-1.K-1, 

emissivity is 0.02 – 0.10 and the melting range is 645 -658 C (ASTM, 2014). 

Alloy 1050 is excellent corrosion resistance, high ductility and highly reflective finish (ASTM, 2014). 

The mechanical engineering drawings used in the Phase Change Material Cooling System are to 

standard set according to (ISO 01.100.20) (International Orginization for Standardization, 2018) 

For welding of the PCM container, Arc-welded joints in Aluminium and its alloys: Quality levels 

for imperfections (ISO 10042:2005), Standard will be referred to. 

 There are no national and international standards for testing PCMs (Agyenima, Hewitta, Eamesb, 

& Smytha, 2009).  

PCM Safety and Handling Standards were followed as laid out by Rubitherm (Rubitherm, 2019). 

See C-4: PCM Safety Standards.  



73 

 

6.3. THE CONSTRAINTS 

The main constraints faced throughout this project are Financial, Availability, Functionality, 

Manufacturability, Health & Safety and Inspectability.  

Financial:  

❖ The design was limited by the funding, since the project was carried out by students who had a 

very low initial budget and this in turn limited the design to cheap and available materials. 

❖ Initial budget was 500 USD. The aim was to balance cost and quality equally. Due to this, only 

2 PV panels were bought instead of 3 for better comparison. 

Availability:  

❖ Availability of materials also limited this design since Cyprus is an island and all 

materials and components had to be imported into the country because they are usually 

not found on the island. 

❖ The price of Aluminium sheets in Cyprus are very expensive. More than 40% of the 

entire expenditures were just on Aluminium. 

❖ Ordering to Cyprus from other countries takes a long time as everything must got 

through Turkey first. 

Function:  

❖  Cooling the PV system by using heat pipe and using phase change material. 

❖ The results between these systems had to at least show different results for successful 

comparison.    

Serviceability:  

❖ Product’s maintenance must be simple and for long time.  

❖  Design must include parts that are easily replaceable. 

❖ Parts must be affordable to buy.  

Manufacturability:  

❖ Fabrication and installation were planned to be done in the university workshops. However, as 

previously discussed in Chapter 3, TIG welding and Manufacturing the stand could not be done 

in the university workshop.  

❖ Two joining methods (welding and machine screws). Both can be done in the university 

workshop. 



74 

 

❖ Product’s final finishing had to be well done and safe to use.  

❖  Local availability of chosen equipment and if unavailable they must be outsourced and within 

cost constraints.  

❖ Lack of testing equipment hindered further results like obtaining PV panel surface 

temperatures. 

Environmental: 

❖ The panels will be in a safe location. To avoid any damages to people. 

❖   Manufacturing waste will be collected. 

Social: 

❖ Designs in favor of end users. 

Health and Safety: 

❖ Safety of the user also limits the configuration of the design as we must make the design very 

safe for people to use. 

❖ Wearing safety shoes and glass and coverall during manufacturing processes.  

❖ The product will be safe for the public and animals. 

❖ The product will not cause any noise. 

❖ The materials used are not dangerous.   

Inspectability: 

❖ The system can be easily inspected during maintenance service.  

❖ Burs were removed in order to prevent harm during handling. 
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CHAPTER 7 

7. CONCLUSIONS AND FUTURE WORKS 
This chapter aims to conclude the project. The results will be discussed and hence attest to the success 

of the project and its viability. Lastly, this chapter will discuss some future works that can be done. 

7.1. RESULTS DISCUSSION 

Before a successful conclusion can be made, the results need to be discussed more in depth. 

7.1.1. Efficiency in Terms of Open-Circuit Voltage  

Table 25 below shows the specified Open-Circuit Voltages of the respective PV panels on their 

catalogues as well as the measured Open-Circuit Voltages. The Open-Circuit Voltages efficiencies of 

each are also determined in Table 25 below using Equation 10 below: 

    Open Circuit Voltages Efficiencies =  
𝑉𝑂𝐶𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑉𝑂𝐶𝑀𝑎𝑥

∗ 100%  (10) 

Table 25 - Open Circuit Voltages 

PV Panel 
Specified 

Max. VOC 

Measured 

Max. VOC 

Measured 

Avg. VOC 

Max. VOC 

Efficiency 

Avg. VOC 

Efficiency 

Reference 21.61V 19.80V 19.49V 91.62% 90.18% 

HP-PV 21.61V 20.40V 20.17V 94.40% 93.35% 

PCM-PV 21.61V 20.60V 20.12V 95.32% 93.10% 

 

The average Open-Circuit Voltage Efficiencies of the Reference PV (90.18%), HP-PV (93.35%) and 

PCM-PV (93.10%) showed that the HP-PV system had the higher efficiency followed by the PCM-PV 

system by just 0.25%, while the Reference PV was trailing by about 3%. This shows that cooling 

systems met the objective through increasing the VOC efficiency with 3% on average. 

7.1.2. Efficiency in Terms of Short-Circuit Current  

Table 25 on the following page shows the specified Short-Circuit Currents of the respective PV panels 

on their catalogues as well as the measured Short-Circuit Currents. The Short-Circuit Currents 

efficiencies of each are also determined in Table 25 on the following page using Equation 11 below: 

    Short Circuit Current Efficiency =  
𝐼𝑆𝐶𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐼𝑆𝐶𝑀𝑎𝑥

∗ 100%   (11) 
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Table 26 - Short Circuit Currents 

PV Panel 
Specified 

Max. ISC 

Measured 

Max. ISC 

Measured 

Avg. ISC 

Max. ISC 

Efficiency 

Avg. ISC 

Efficiency 

Reference 0.96A 0.90A 0.72A 93.75% 75.00% 

HP-PV 2.38A 2.18A 1.78A 91.60% 74.79% 

PCM-PV 2.38A 2.19A 1.80A 92.02% 75.63% 

 

Comparing the average Short-Circuit Current Efficiencies of the Reference PV (75.00%), HP-PV 

(74.79%) and PCM-PV (75.63%) it can be seen that PCM-PV system had the higher efficiency 

followed by the Reference PV system by 0.63%, while the HP-PV was trailing by about 0.2%. unlike 

with the voltage, the current was less effected by the operating temperature, however the PCM-PV still 

proved to be the better one. 

7.1.3. PV Efficiency 

Comparing the highest obtained PV Efficiencies of the Reference PV (9.86%), HP-PV (12.53%) and 

PCM-PV (12.77%), it is seen that PCM-PV system had the highest efficiency followed by the HP-PV 

system by 0.24%, then lastly the Reference PV which was trailing by just under 3%.  Also Comparing 

the daily average obtained PV Efficiencies, the Reference PV (9.00%), HP-PV (12.02%) and PCM-

PV (12.14%), it is seen that the PCM-PV system still delivered the highest average efficiency which 

was more than 3% efficient compared to the Reference PV. 

7.1.4. PV Operating Cell Temperature   

In section 3.3.13.3.1 (PV Panel Surface Temperature), it was shown that the Operating Cell 

Temperature of a PV Panel is reaches around 30oC above the Ambient Air Temperature as also stated 

in other studies (Migan, 2013). Throughout testing, it was found that both Cooling systems kept the PV 

Operating temperature to no more than 20oC above the Ambient Air Temp as shown in Figures 75 & 

76. i.e. When the Air temperature reached a high of 35oC at 13h00, the PV Panel only reached 52oC. 

This indicated that Cooling Systems most definitely did provide cooling. 

7.1.5. Results Justification 

Since no cooling system is attached to the reference panel, a smaller portion of the solar irradiance 

energy is converted to electricity while the other portion heated the panel unless it was removed, thus 

decreasing the efficiency. The cooling systems in the other two panels removed some of the heat, 

therefore increasing the overall efficiencies of the panels. The obtained efficiencies were just over 1% 

less than the expected maximum theoretical values and shows that the cooling system achieved their 

design purpose of increase the efficiency. 
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 This shows that cooling systems meet the objective of increasing the efficiency by removing 

heat. Even though the percent increase was slightly more than 3% on average. However, given the 

following implications the results can be accepted as a successful result:  

A. The reference PV and the cooled PVs are of different brands which can affect the experimental 

results due to different type of materials may be used in the manufacturing process.  

B. The reference panel had a different Power output than the cooling systems panel.   

An improvement to the experimental setup to increase the reliability of the experiment can be: 

A. To perform the experiment in an open area to minimize shadow interferences that can affect 

the current readings. 

B. Perform more recording over different days with longer hours. 

C. Using the same size and brand for the all the PV panels to be tested and compared. 

D. Using well calibrated high-quality measuring devices.   

7.1.6. Cooling Systems Comparisons 

After identifying the cooling systems have achieved their design purpose and the set-out objectives, 

now comparing PCM-PV and HP-PV systems, the PCM-PV Cooling system won the comparison in 

terms of overall efficiency and power output. Excluding the cost of the PV panels and leaving out 

shipping and surcharges as they are more relative factors, the PCM cooling system costed $242 (834 

$/m2) and HP cooling system costed $155 (534 $/m2). The difference in outcome was less than 1% 

higher efficiency but given the fact the PCM-PV system costed $87 (300 $/m2) more to complete, the 

HP-PV system was more feasible and the <1% difference in efficiency did not justify the higher cost. 

Lastly, the PCM-PV system would better be suited for a larger scale project as this would make it more 

economically feasible by avoiding a Sur-charge which for this project was 47 USD.   
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7.2. THE CONCLUSION 

In conclusion, the main objectives of this project were to compare two PV panel cooling system in terms 

of efficiency and cost. This study thus confirms the advantages of using the PCM-PV and HP-PV 

cooling systems to increase the overall efficiency of the solar panels. Both Cooling systems were able 

to remove the heat from the solar panels as theoretically expected and the PCM-PV system was the 

better cooling system  

 Every percentage count when it comes to efficiency and the results of cooling the PV panels do 

make a difference in Power output and will in turn lead to less electricity dependence from the grid. 

The surface temperatures of the PV Panel did not decrease until the desired operating temperature of 

around 25oC as what was set out to achieve, thus the increase in efficiency did not reach the PV Panel’s 

maximum efficiency, this was expected since the cooling systems are both passive.  

 Lastly, the manufacturing cost for the PCM-PV were about 25% more than that of the HP-PV 

cooling system, thus encouraging the utilization the HP-PV cooling system. The PCM itself was cheaper 

than the Heat Pipes, however unexpected charges like the Surcharge led the PCM-PV system to be more 

than the HP-PV system. Therefore, in conclusion: Yes, the Phase Change Material cooling system was 

more efficient than the Heat Pipe cooling system, however it is better suited for a larger scale application 

and the Heat Pipe cooling system was better suited for this project. 

7.3. THE FUTURE WORKS 

The results from the PCM-PV and HP-PV cooling systems show that both systems can successfully be 

used to increase the efficiency of PV Panels. As the heat conducting capabilities of the PCM and the 

heat pipe used in the project are already known, it can be assumed that other factors in the design such 

as how they are assembled and mounted are preventing them from removing as much heat from the PV 

Panels as theorized. Redesigning the saddle for the Heat Pipe cooling system and the container of the 

Phase Change Material cooling system so that they cover larger surface areas and therefore remove heat 

from the entire panel should be considered together with the optimal PCM container wall thickness. 

 More research should be carried out on what glue to use for attaching the PCM container and 

the Heat Pipe saddle to the PV-panel, to ensure that one that is both strong enough and has good heat 

conductive properties are used. Making use of computer modeling programs to experiment with various 

configurations, materials and designs should be utilized before manufacturing another prototype. Due 

to testing being carried out in May Operating Cell Temperature did not reach their maximum calculated 

temperatures where the efficiency drops the most, testing should be repeated in July or August to give 

a clearer picture of how effective the designs are.  
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APPENDICES 

APPENDIX A: ELECTRONIC MEDIA  

A – 1: WEBSITE 

This Project is may be followed from the following website: 

https://capstoneteam2019.wixsite.com/pvpanel  

 

A – 2: EMAIL ADDRESS 

The Team may be contacted at capstoneteam2019@gmail.com   

https://capstoneteam2019.wixsite.com/pvpanel
mailto:capstoneteam2019@gmail.com
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APPENDIX B - CONSTRAINTS 

The main constraints of this project are Financial, Functionality, Maintenance, 

Manufacturability, Environmental, Social, Health & Safety and Inspectability.  

Financial:  

❖ The design was limited by the funding, since the project is carried out by students’ available 

funds are very low and this in turn limited the design to cheap and available materials. 

❖ Available budget of $ 500 USD. The aim was to balance cost and quality equally.  

Availability:  

❖ Availability of materials also limited this design since Cyprus is an island and all 

materials and components had to be imported into the country because they are usually 

not found on the island. 

Function:  

❖  Cooling the PV system by using heat pipe and using phase change material. 

❖ The results between these systems had to at least show different results for successful 

comparison.    

Serviceability:  

❖ Product’s maintenance must be simple and for long time.  

❖  Design must include parts that are easily replaceable. 

❖ Parts must be afordable to buy.  

Manufacturability:  

❖ Fabrication and installation will be in the university workshop.  

❖ Two joining methods (welding and machine screws). Both can be done in the university 

workshop. 

❖ Product’s final finishing must be well done.  

❖  Local availability of chosen equipment and if unavailable they must be outsourced and within 

cost constraints.  

Environmental: 

❖ The panels will be in a safe location. To avoid any damages to people. 

❖   Manufacturing waste will be collected. 
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Social: 

❖ Designs in favor of end users. 

Health and Safety: 

❖ Safety of the user also limits the configuration of the design as we have to make the design very 

safe for people to use. 

❖ Wearing safety shoes and glass and coverall during manufacturing processes.  

❖ The product will be safe for the public. 

❖ The product will not cause any noise. 

❖ The materials used are not dangerous.   

Inspectability: 

❖ The system can be during maintenance service.  
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APPENDIX C – STANDARDS 

C-1: SOLAR PANEL STANDARDS 

IEC 62548:2016. This International Standard sets out design requirements for photovoltaic (PV) arrays 

including DC array wiring, electrical protection devices, switching and earthing provisions. The 

standard includes all parts of the PV array up to but not including energy storage devices, power 

conversion equipment or loads. An exception is that provisions relating to power conversion equipment 

are covered only where DC safety issues are involved. The interconnection of small DC conditioning 

units intended for connection to PV modules are also included. 

The object of this standard is to address the design safety requirements arising from the 

particular characteristics of photovoltaic systems. Direct current systems, and PV arrays in particular, 

pose some hazards in addition to those derived from conventional AC power systems, including the 

ability to produce and sustain electrical arcs with currents that are not greater than normal operating 

currents. 

In grid connected systems, the safety requirements of this standard are however critically 

dependent on the inverters associated with PV arrays complying with the requirements of IEC 62109-

1 and IEC 62109-2. 

C-2: HP-PV STANDARDS 

 

Figure 76 - RoHS Restricted Substances Data Sheet (RoHS Guide Compiance, 2018)  

PRODUCT DATA SHEET Aluminium 1100 UNS A91100  

Aluminium alloy 1100 contains a minimum of 99.00% aluminium, and is sometimes known as 

‘Commercially Pure Aluminium’. It has excellent electrical conductivity, good formability and 

highresistance to corrosion, and is used where high strength is not needed. It has the low density 

andexcellent thermal conductivity common to all aluminium alloys  

Typical Applications General sheet metal work where moderate strength is adequate: lightlystressed 

panels, architectural flashings, name plates, heat exchangers, food and chemical handling and storage 

equipment, drawn or spun hollowware, light reflectors, welded assemblies.   

Chemical Composition  
AS/NZS 1734 Aluminium and aluminium alloys- Flat sheet, coiled sheet and plate  

____________________________________________________________  
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                      Element              %                   Element                %  

          ____________________________________________________________  

  
                          Aluminium            99.00% min                  Manganese                0.05 max  
                          Copper                  0.05 – 0.20                   Zinc                            0.10 max  
                          Silicon + Iron         0.95 max                    Others, each              0.05 max   

 

 

Equivalent specifications:  

USA: AA1100; Japan: JIS A1100P: France: NF 1100; ISO Al 99.0 Cu.  
The properties in this data sheet meet Australian/New Zealand Standard AS/NZS 1734:1997  
Aluminium and aluminium alloys - Flat sheet, coiled sheet and plate (equivalent to BS EN 573-1). The 

material also meets other national standards  
  

Description Aluminium 1100 is commercial purity aluminium with a controlled content of copper.  
It can be hardened by cold work: it is not heat treatable to higher strength. It has excellent ductility, up 

to 30% in annealed material of 1.3 to 6.0 mm thickness. The ductility is more limited in the H14 and 

H24 tempers  

 

 
Corrosion Resistance   

The ‘1xxx’ series alloys have the best resistance to general corrosion of all the aluminium alloys. 

Resistance is excellent in aqueous solutions in the pH range 4 – 9.  

  
The corrosion resistance of aluminium alloys relies on a protective surface oxide film, which when 

damaged is readily repaired by the rapid reaction between aluminium and oxygen. However, the high 

reactivity of the base metal can give rapid corrosion if the film cannot be repaired, so aluminium 

alloys are not suitable for use with reducing media. Alloy 1100 can be anodised to improve the 

corrosion resistance by thickening the protective surface film. Since aluminium is a reactive metal, it 

may corrode more quickly when in electrical contact with most other metals. The prediction of 

galvanic corrosion is complex; please consult APA for specific advice  

 

Fabrication Aluminium 1100 is very readily cold formable in the annealed condition, as it is ductile. 

Forming loads and tool & press wear are generally less than with carbon steel. For piercingand blanking 

the punch to die clearance should be about 5% of the thickness per side for temper O,6% for H12&H14.  
 

Welding Alloy 1100 is readily welded by the TIG and MIG processes. Commonly used filler alloys are 

4043 and 1050. 4043 gives greater weld strength, but if the assembly is to be anodized, 1050 filler metal 

will give a closer colour match.  

  

1100 may also be gas welded or resistance welded, but the resulting joints are not as strong or as 

corrosion resistant as the inert gas welded joints. Gas welding could result in excessive heat distortion 

and thinner gauges may burn through. Aluminium must be very dry & clean to avoid contamination & 
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porosity of the weld. It is essential that all traces of flux used in welding or brazing are removed by 

scrubbing with hot water.  

  

Heat Treatment Alloy 1100 is annealed at 350oC, time at temperature and cooling rate are Un-

important. Stress relief is rarely required, but can be carried out at about 220oC. If loss of strength is of 

concern, stress relief tests should be conducted.  
_____________________________________________________________________ 

C-3: PCM-PV STANDARDS 

Testing Standard 

There are no national and international standards for testing PCMs (Agyenima, Hewitta, Eamesb, & 

Smytha, 2009). 

Welding Standard 

ISO 10042:2005 specifies quality levels for imperfections in arc-welded joints in aluminium and its 

alloys. It applies to material thicknesses above 0,5 mm. It covers full-penetration butt welds and all 

fillet welds. The principles of the standard may also be applied to partial-penetration butt welds (ISO, 

2018). 

Three quality levels are given in order to permit application to a wide range of welded constructions. 

The quality levels refer to production quality and not to the fitness for purpose of the product 

manufactured. 

The standard applies to: 

❖ all types of weld, e.g. butt welds, fillet welds and branch connections; 

❖ the following welding processes and their sub-processes as defined in ISO 4063: 

➢ 131....metal inert gas welding (MIG welding); gas metal arc welding /USA/, 

➢ 141....tungsten inert gas welding (TIG welding); gas tungsten arc welding /USA/, 

➢ 15......plasma arc welding; 

❖ manual, mechanized and automatic welding; 

❖ all welding positions. 
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C-4: PCM SAFETY STANDARDS 
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APPENDIX D – LOGBOOK 

Table 27 – Logbook  

 

 

Meeting Date 
Meeting/Event + 

Duration 
Meeting/Event Summary 

 

10/10/18 

 

8:30 to 9:20 AM 

A. Discussed with the Supervisor the general idea and objective 

of the Project and what equipment will be needed to execute 

the project such as Batteries, Solar Panels, Thermocouples 

and so on.  

 

14/10/18 

 

8:15 to 8:55 PM 

A. Assigned a Group Leader and Editor  

B. Divided the work on Chapter 1 & 2 among the group 

members.  

C. Group members were assigned topics to research and gather 

information on related to Heat Pipes and Phase Change 

Materials for PV Panel cooling.  

 

21/10/18 

 

8:14 to 8:46 PM 

A. Discussed some changes that should be made on the Chapter 

1 & 2 draft and adding more information to the draft.  

B. Discussed at what at temperate should the Solar Panels be 

keep at and how will the cooling systems be attached to the 

Solar Panels.  

C. Group members were assigned to gather information about 

the cost of the needed equipment  

 

26/10/18 

 

7:40 to 8:04 PM 

A. Divided the work on Chapter 3 where  

o 2 members were assigned with the Phase Change 

Material Cooling System  

o 2 members with the Heat Pipe Cooling System  

o 1 member with the Solar Panel related work  

B.  Decided to change the meeting hours to an earlier time 

during weekdays.  

 

9/11/18 

 

6:30 to 7:15 PM 

A. Discussed what Values should be assumed for the Sun 

Insolation level and the Ambient temperature. 

B. Discussed if any changes were needed to be done on the 

proposed Heat Pipe Cooling System Design. 

C. Discussed about PCM type to be used and procurement. 

Discussed who should contact PCM Supplier  

 

17/11/18 

 

6:15 to 7:10 PM 

A. Talked about looking for other PCM alternatives after 

realizing that the current PCM choice was too expensive. 

Discussed whether to glue the Heat Pipe Cooling System 

using thermal paste or Bolted it on the back of a frame then 

attach the frame to the PV Panel. 



XVII 

 

 

Meeting/Event 

Date 

Meeting/Event 

Duration 
Meeting/Event Summary 

21/11/18 – 

01/12/18 
N/A (Midterms) A. No work performed during this period due to Midterm 

examinations 

 

3/12/18 

 

6:14 to 6:35 PM 

A. Divided the work on Chapter 4 & 5 among the group 

members.   

B. Discussed All the information that is to be included in the 

Appendix. 

C. Divided the workload on outstanding in the report among 

the group members. 

09/12/18 6:10 to 6:35 PM A. Went through completed report to check if all parts are 

correct and completed before meeting with Supervisor. 

14/12/18 N/A (Due Date) A. Submitted report  

21/01/19 – 

18/02/19 
Winter Break 

A. Used this opportunity to look locally for sources of 

materials. 

28/02/19 Ordered PCM A. Ordered PCM from Rubitherm. 

04/03/19 Ordered HP A. Ordered Heat Pipes from Conrad. 

06/03/19 Ordered PV Panels A. Ordered PV Panels from a local source. 

18/03/19 Bought Aluminium  A. Bought Aluminium Sheets from a local source. 

08/04/19 Heat Pipes Arrival A. Heat Pipes was delivered to Cyprus. 

11/04/19 -

22/04/19 
Midterm Exams 

A. No worked Performed to focus on Midterm Examinations 

15/04/19 PV Panels Arrival A. PV Panels were delivered to Cyprus. 

22/03/19 PCM Arrival A. PCM was delivered to Cyprus. 

24/04/19 
PCM Container and 

Heat Pipe Saddle 

A. Manufacturing of PCM Container and Heat Pipe Saddle 

commenced. 

24/04/19 – 

30/04/19 
PCM Container 

A. PCM Container Sent for Welding. 

01/05/19 - 

06/05/19 
PV Panel Stand 

A. Manufacturing of PV Panel Stand 

13/05/19 – 

23/05/19 
Testing  

A. Product Testing Commenced 

B. Results were captured and discussed. 

23/05/19 – 

24/05/19 

Future Works and 

Conclusion. Report 

Deadline 

A. Project was concluded and Future Works were 

evaluated 

B. Report Submission. 
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APPENDIX E - PROJECT TIMELINE 

E – 1: GANTT CHART 

 

Figure 77 – Gantt Chart 
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E – 2: WORK BREAKDOWN STRUCTURE (WBS) 

 

Figure 78 - WBS 

Electronic Media 

Poster 

Presentation 
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APPENDIX F – ENGINEERING DRAWINGS 

F – 1: DETAILED DRAWINGS 
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F – 2: ASSEMBLY DRAWINGS 
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APPENDIX G – SUPPORTING DOCUMENTS 

G-1: PV PANEL SPECIFICATIONS 

TommaTech solar panel characteristics 

Table 28 - Electrical characteristics, STC: 1000W/m² Irradiance, 25°C module temperature, AM1.5g spectrum according to 

EN 60904-3 

 



XLI 

 

G-2: PHASE CHANGE MATERIAL 

 

 

Figure 79 – PCM Properties (Rubitherm, 2019) 
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G-3: ALUMINIUM 1050A 

 

Figure 80 – Aluminum 1050A Properties (Aalco, 2015) 
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G–4: PCM HEAT TRANSFER ENHANCEMENT 

Table 29 – PCM Heat Transfer Enhancement Techniques (Ibrahima, Al-Sulaimana, Rahmana, Yilbasb, & Sahinb, 2017) 
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G-5: ALUMINIUM 1100 THERMAL PROPERTIES: 

 
Figure 81 – Aluminium 1100 Thermal Properties (ASTM, 2014) 

G-6: ALUMINIUM 6061 THERMAL PROPERTIES 

 

 
Figure 82 – Aluminium 6061 Thermal Properties (ASTM, 2014) 
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G-7: ALUMINIUM 6063 THERMAL PROPERTIES 

 

 

 

G-8: COPPER & WATER PROPERTIES  

 

 

 

 

Table 30 – Copper and Water Properties (CCI, 2018) 

Figure 83 – Aluminium 6063 Thermal Properties (ASTM, 2014) 


