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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 Sunôs 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. INTRODUCT ION 

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 O F 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 efýciency 

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 15ï20% 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 efýciency is 

thereby decreased by 0.4ï0.65% 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 panelôs 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 P ROJECT 

Solar PV energy is one of the most important forms of providing clean energy in todayôs 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 surfacesô heat up too much, the goal becomes hindered. 

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

ü The efficiency of the PV panels decreases immensely, 

ü There is also a decrease of the PV panelôs 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 ï PV Characteristics as Surfaces Temperature Rises (Marco, 2016) 
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1.3. DETAILED PROJECT OBJE CTIVES  

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 panelôs 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 CONS TRAINT S 

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 :  

× Productôs 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. 

× Productôs 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 (Grubiġiĺ-Ļabo, Niģetiĺ, & 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 (Grubiġiĺ-Ļabo, 

Niģetiĺ, & 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 



6 

 

cooling, PCM. Although this canôt 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 ñhermetic boiler tubeò. 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 wasnôt 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 (Grubiġiĺ-Ļabo, 

Niģetiĺ, & 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 4Í  Glauberôs 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 Glauberôs 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 materialôs 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 ï PCM Categories (Textilelearner, 2018) 
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Table 1 ï 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 solidiýcation 

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

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

 

  

Figure 3 ï 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 TOMMATEC H 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 ï 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 ï 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.  
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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 ï 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 Flui d 

The selection of the working fluid is very important as it will determine the systemôs 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 (3ᴈ to 45 ᴈ . Figure 16 shows the Heat Pipe working fluids and at what temperature ranges 

they are useful. 

 

Figure 16 - (Lee, 2010) Heat Pipe Working Fluids 



21 

 

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 (30ᴈ to 200ᴈ  and the operation temperature 3ᴈ, the 

system could warmup until the water heat pipe begins to operate 

!ÎÄÅÒÓÏÎȟ$ÕÓÓÉÎÇÅÒȟ3ÁÒÒÁÆȟǪ 4ÁÍÁÎÎÁȟςππψ. 

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) & !ÎÄÅÒÓÏÎȟ$ÕÓÓÉÎÇÅÒȟ3ÁÒÒÁÆȟǪ 4ÁÍÁÎÎÁȟςππψ 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) 




















































































































































































































